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Abstract

Oligodendrocytes are the myelin forming cells of the central nervous system. These
cells synthesize vast amounts of membrane during the active phase of myelination.
In addition, membrane components are released into the extracellular space as small
vesicles, exosomes, with a size of 50 to 100 nm. In this study we address the fate and
function of oligodendroglial exosomes in the extracellular space. We find that exo-
somes purified from oligodendroglial precursor cell line and primary oligodendrocyte
cultures were efficiently and selectively internalized by microglia without inducing
a pro-inflammatory response. The internalization occurred by macropinocytosis
that was partially dependent on exosomal lipid phosphatidylserine and autonomous
of typical phagocytic receptors. Interestingly, we identified two subpopulations of
microglia after stimulation with inflammatory cytokines. One subpopulation of mi-
croglia displayed antigen-presenting capacity due to major histocompatibility com-
plex (MHC) class II expression, whereas the other microglial pool remained MHCII
negative. However, exosome internalization occurred preferentially by microglia
without antigen-presenting capacity. Based on these results, we propose that oligo-
dendrocytes secrete exosomes into the extracellular space to employ microglia for
the degradation of membrane components during myelination and membrane turn-
over. Moreover, the functional specialization of microglia supports the notion of
heterogeneity in the microglial population. Yet, it remains to be elucidated whether
the functional specialization of microglia is intrinsic or mediated by the microglial

microenvironment.

XX



Chapter 1

Introduction

1.1 Exosomes

Eukaryotic cells use vesicles both for the intracellular transport and for secretion of
cargo into the extracellular milieu. Besides the direct shedding of vesicles from the
plasma membrane, vesicles can also arise from multivesicular endosomes by inward
budding into their lumen and the subsequent fusion with the plasma membrane.
After the release of internal vesicles, they are typically referred to as exosomes.
Exosomes were first discovered by Pan and Johnstone during reticulocyte differenti-
ation [2, 3]. Their group described vesicles present in large multivesicular endosomes
containing transferrin receptors, which were previously internalized from the plasma
membrane. The large endosomal structures fused with the plasma membrane and
released the internal vesicles into the extracellular space. To date, various other
studies have revealed the existence of exosomes in multiple cell types including
oligodendrocytes [4-6], B lymphocytes [7], dendritic cells [8], platelets [9], epithelial
cells [10] and neurons [11].

Exosomes have a size of 50 to 100 nm and a characteristic ”saucer-shape”, as visu-
alized by electron microscopy [12], which is consistent with the size and morphology
of internal vesicles in multivesicular endosomes [7]. Exosomes can easily be purified
in vitro by sequential centrifugation of cell culture medium. This includes several
centrifugation steps with increasing forces to eliminate cell debris, followed by ultra-
centrifugation at 100.000x g for their pelletation [13]. In addition, exosomes exert a

specific flotation pattern on sucrose gradients (1.13 g/mL to 1.19 g/mL), allowing
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their preparative differentiation from small sized vesicles of other origin [13]. The
abundance of specific marker proteins represents an additional purity control (see
Section 1.1.2).

The following subsections will elaborate on the formation and the composition of

exosomes. Furthermore, their release and their functions in vivo will be addressed.

1.1.1 Formation of exosomes

Exosomes are thought to arise from the multivesicular endosomal compartments of
the cell. In these multivesicular bodies (MVBs) membrane components are usually
further transported to lysosomes for degradation of cargo (see Figure 1.1.1). Endo-
somes are classified according to their morphology, their distinct protein and lipid
composition and their cargo as early, late or recycling endosomes [14, 15]. In the
endocytic pathway, internalized proteins and lipids are first incorporated into early
endosomes [16, 17]. During the maturation of the early to the late endosome, pro-
teins and lipids are sorted into vesicles, which bud into the lumen of the endosome.
These intraluminal vesicles (ILVs) accumulate in the endosomal compartment, form-
ing a distinct late-endosomal compartment, the multivesicular body. Based on their
biochemical properties, MVBs can either traffic to lysosomes for degradation of con-
tents or fuse with the plasma membrane to release the intraluminal vesicles into the
extracellular milieu, which are than called exosomes [13]. The docking/fusion pro-
cess of the MVBs is likely to be mediated by SNARE proteins and synaptotagmin
family members, since e.g. VAMP7, syntaxin7 and synaptotagmin7 are known to
be implicated in the fusion of conventional lysosomes with the plasma membrane
[18].

One of the mechanisms that underly the sorting of proteins into MVBs in-
cludes mono- and oligo-ubiquitination of the target proteins [19, 20]. The ubiq-
uitinated proteins are recognized by the endosomal-sorting-complex-required-for-
transport machinery (ESCRT), which promotes their inclusion into the ILVs [21].
The ESCRT-0, ESCRT-1 and ESCRT-2 complexes recognize and sort out the ubig-

uitinated proteins, while ESCRT-3 complex appears to be responsible for inward
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Figure 1.1: Multivesicular bodies fuse with the plasma membrane to release exo-
somes.

In early endosomes, membrane proteins (red) are either recycled to the plasma mem-
brane or sequestered into internal vesicles. The budding of vesicles from the limiting
membrane of endosomes leads to formation of multivesicular bodies (MVBs) containing
intraluminal vesicles (ILVs). In the degradation pathway, MVBs fuse with the lysosomal
system for degradation of proteins and lipids. In the alternative secretory pathway, MVBs
fuse with the plasma membrane and release ILVs into the extracellular milieu, which are
then called exosomes. Exosomes display the same orientation as the plasma membrane.
The figure is adapted from Fevrier and Raposo (2004). Reprint by permission from Else-
vier Limited: Current Opinion in Cell Biology, copyright (2004).

membrane budding [22, 23]. However, also non-ubiquitinated proteins are sorted

into intraluminal vesicles [24, 25].

1.1.2 Lipid and protein composition of exosomes

Lipid analysis of exosomes has been performed only on a small set of cell types in-
cluding dendritic cells [40], mast cells [40], reticulocytes [41], B cells [35] and oligo-

dendrocytes [5]. Nevertheless, it was shown that the lipid composition of exosomes
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Figure 1.2: Representative protein composition of exosomes.

Protein composition of a typical exosome containing data retrieved from 15 proteomic
analysis on exosomes [12, 26—39]. Proteins found in at least 30% of analyzed exosomes
are indicated, proteins present in at least 50% are additionally marked by an asterix. The
figure is adapted from Thery et al. (2009). Reprint by permission from Nature Publishing
Group: Nature Reviews Immunology, copyright (2009).

reflects the lipid composition of their parenting cell type. In addition, exosomes are
enriched in raft-lipids like cholesterol, sphingolipids, ceramide and glycophospho-
lipids [5, 35, 42].

Exosomes typically do not contain endoplasmatic reticulum, mitochondria or nu-
clear proteins, which is consistent with their endosomal origin [43]. The actual
protein content of exosomes varies according to their cell type of origin, nonetheless
they contain various common protein components [33, 44]. In proteomic studies
conducted on exosomes of 19 different cell types, a conserved set of proteins was
identified [45]. Among them were cytosolic proteins as well as transmembrane pro-

teins. Most abundant proteins are Alix and Tsgl01, as part of the MVB biogenesis
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machinery, identified in 68% and 37% of the studies, respectively. Similarily, HSP70
was identified in 89% of the proteomic studies [46] (see Figure 1.2). Another class
of cytosolic proteins commonly found in exosomes are Rab proteins, which play a
role in the docking of exosomes and membrane fusion events . In total 40 differ-
ent Rab proteins were found in exosomes [33]. Furthermore, tetraspanins including
CD9, CD63, CD81 and CD82 are typical exosomal proteins [47]. As they can also
form a protein network, tetraspanins could be involved in the generation of ILVs
[24]. Even the recruitment of other membrane proteins from the limiting membrane
of endosomes into ILVs could be mediated by early incorporation into tetraspanin-
containing detergent-resistant membrane domains [35]. Moreover, exosomes carry
lipid raft proteins like Flotillin-1 [43] and cell adhesion proteins like intercellular
adhesion molecule-1 (ICAM-1), CD146, CD9, MFGES8 and CD18 [33, 44].

Besides the protein set found in almost all released exosome types, exosomes also
contain proteins, which are highly specific for their parenting cell. Exosome derived
from antigen presenting cells carry MHCII and CD86 molecules necessary for anti-
gen presentation and T cell stimulation [47]. T cell receptors are also specifically
enriched in T cell-derived exosomes [48].

Oligodendrocytes, as the myelinating cells of the CNS, secrete exosomes enriched in

myelin proteins, like the proteolipid protein (PLP) [4-6] (see Section 1.2.1).

1.1.3 Release of exosomes

Depending on the parenting cell type the secretion of exosomes can be spontaneous
or induced. While reticulocytes [2], T cells [48, 49] and resting B cells [50] secrete de-
tectable levels of exosomes only after stimulation of a cell surface receptor, dendritic
cells [8] and macrophages [51] show a developmentally regulated or a constitutive
exosome secretion, respectively.

The molecular machinery regulating the fusion of MVBs with the plasma membrane
is still under investigation. It is also not known whether there are different kinds of
multivesicular bodies, destined for different fates or whether MVBs contain inter-
mixed classes of intraluminal vesicles, which later on segregate.

The release of exosomes could use similar mechanisms as applied during the fusion
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of secretory lysosomes with the plasma membrane [52]. As shown for lysosomal ex-
ocytosis, the treatment of oligodendrocytes with the calcium-ionophore ionomycin
increased the release of exosomes [4]. This has also been shown for the exosome
release of other cell types including epithelial cells and neurons [31, 53]. Therefore
exosome release might be regulated via intracellular calcium levels [4].
Calcium-induced lysosomal exocytosis requires Rab27a, which primes vesicles for
fusion with the plasma membrane [54]. Both small GTPases Rab27a and Rab27b,
are involved in docking of MVBs with the plasma membrane. The knock-down of
Rab27a strongly increases MVB size, Rab27b silencing results in MVB redistribution
towards the perinuclear region, while both lead to a decrease in exosome secretion.
This suggests a role of both homologous proteins in the exosomal pathway [55]. In
addition, Rab11-GTPase activity was implicated in the fusion of MVBs in response
to Ca?T [56]. Studies using overexpression of Rabll and citron kinase, a RhoA
effector, could show an upregulation of exosome release [56, 57]. In oligodendro-
cytes, exosome release is dependent on the Rab GTPase-activating protein family,
TBC1D10, and its target Rab35. Inhibition of Rab35 leads to the intracellular ac-
cumulation of vesicles and a decrease in exosome secretion [6].

Furthermore, the decrease of membrane cholesterol or the inhibition of cholesterol
biosynthesis results in an increase of exosome release [58—60]. This might be due to
the cholesterol-dependent regulation of membrane-associated Rab7 influencing the
rate of MVB transport to the plasma membrane [61]. Cellular stress, such as DNA
damage or heat shock, has been shown to stimulate exosome secretion via tumor
supressor p5H3 [59, 62].

The developmental regulation of exosome release was described in dendritic cells.
Several groups could show that LPS-stimulated, mature DCs reduce exosome release

by up to 75% in compairison to immature DCs [47, 63, 64].

1.1.4 Function of exosomes
Pathway of protein and lipid disposal

Different functions of exosomes have been hypothesized in the course of their discov-

ery in various cell types. The first function was described by Pan and colleagues, who
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showed the implication of exosomes in the elimination of proteins such as transferrin
receptor or integrins during the differentiation of reticulocytes [2, 25]. Already in
1984, they revealed that reticulocytes lose their surface transferrin receptors during
maturation into erythrocytes in vitro. This removal is executed via receptor-enriched
multivesicular domains, which bud into the extracellular milieu [65]. But exosomes
are not only an alternative pathway for the degradation of proteins. A study on
oligodendroglial cells illustrated that exosomes contribute to the cellular cholesterol
homeostasis. Especially in lysosomal storage diseases, exosomes might constitute a
pathway which partially bypasses the toxic accumulation of lipids in the endosomal
system [66]. Therefore, the release of proteins and lipids via the exosomal route
might represent an alternative pathway of disposal for the parenting cells. However,
this fact raises even more questions regarding their fate in the extracellular milieu

and putative signaling functions of exosomes.

Intercellular communication

As exosomes contain proteins and lipids of their parenting cells, it is highly likely
that they are involved in signaling events. Beyond the clearing function of exosomes,
the presence of adhesion proteins on exosomes may points to other roles of exosomes.
Phenotypic and functional analysis of exosomes from immune cells support the idea
that exosomes establish a novel mode of cellular communication. This includes both
extracellular docking of exosomes to receptors of the target cells and the exchange
of exosome cargo between exosome-producing and the respective target cell.

The first studies showing an alternative function of exosomes were performed by Ra-
poso and colleagues, who demonstrated that exosomes released by EBV-transformed
B cells contained functional MHCII molecules, which were capable to stimulate hu-
man CD41 T cells in vitro [7]. Thus, exosomes might carry both peptide-MHC
complexes and antigenic material itself. Due to the presentation of biologically rel-
evant antigens exosomes have been used in vaccination studies [67]. Zitvogel and
colleagues showed in 1998, that exosomes produced by mouse DCs pulsed with tu-
mor peptides induce the rejection of established tumors in vivo in a T cell mediated
fashion [8]. Moreover, exosomes are even capable of transferring antigens from tu-

mor cells to dendritic cells [68], which then could serve as source of antigen for
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cross-presentation by DCs. This became obvious in experiments, where tumor cell-
derived exosomes internalized by DCs induced tumor rejection in vivo [68].
Exosomes have also been implicated in immune suppression, for example in a delay
of allograft rejection in rats [69]. This delay is likely to be due to a decrease in CD4™"
T cells in the exosome treated recipient. Another application inducing tolerance are
exosomes produced by intestinal epithelial cells. These ”Tolerosomes” are described
to induce tolerance to oral antigens [26, 70, 71].

Finally, exosomes have been implicated in the the transfer of non-protein cargo
from parenting to target cells. Valadi and colleagues described exosomes derived
from mast cell lines, which were enriched in messenger RNA and microRNA. These
exosomes were able to shuttle RNA to neighboring cells where they were transcribed
and biologically active [72]. Exosomes released by astrocytes and gliobastoma cells

even carry mtDNA [73].

Exosomes in vivo and their application in diagnostics

Exosomes can not only be purified from cell cultures, but are also found in mul-
tiple body fluids including urine [38], amniotic fluid [59], bronchoalveolar lavage
fluid [74] and plasma [75]. The physiological significance of exosomes is still not
fully understood, since the in vivo description of exosome release is a challenging
task. Nevertheless, interesting findings in tonsil germinal centers described MHCII-
bearing exosomes attached to follicular DCs (FDCs), which are most likely derived
from B cells [76]. This observation is of particular interest, because FDCs contain
MHCII molecules but do not synthesize them [77]. These findings suggests a poten-
tial transfer of MHCII from exosomes to FDCs in vivo.

The presence of exosomes in body fluids lead to their application in diagnostic
purposes. In studies comparing the exosome abundance in the plasma of cancer
patients, the amount of exosomes was increased four times in comparison to healthy
individuals [75, 78, 79]. Besides the increase of exosome levels in patients with ad-
vanced cancer, these findings also revealed that exosomes can travel far from their
secreting cells [78]. In a recent study, prostate cancer biomarkers were detected

in exosomes isolated from the urine of prostate cancer patients [80]. In addition,
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proteomic analysis of urine derived exosomes described 1132 proteins out of which

177 proteins are linked to disease-related genes [81].
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1.2 Glia cells in the central nervous system

The mammalian central nervous system (CNS) consists of two major cell types, glia
cells and neurons. The glial population can be classified into macroglia, namely
oligodendrocytes and astrocytes, and microglia. All types of glia have a specialized
function supporting the functional integrity and the long-term survival of the neu-
ronal network [82].

Oligodendrocytes are the myelin forming cells in the CNS. After expanding their
plasma membrane into multiple cellular processes, oligodendrocytes subsequently
wrap their membrane around axons to form multilamellar sheaths. These sheaths
are composed of a unique, lipid-rich membrane containing a limited set of myelin
proteins. Each oligodendrocyte extends numerous cell processes that terminate in
up to 50 myelin internodes on multiple axons. These membrane sheaths have insu-
lating capacities facilitating the rapid saltatory signal conduction [82, 83]. Moreover,
oligodendrocytes exert a neurotrophic function [84] (see Section 1.2.1). Perturba-
tions of the myelin sheath results in several severe brains diseases, including multiple
sclerosis (see Section 1.2.5).

The second type of macroglia, astrocytes, provide scaffolding functions for migrating
neurons during fetal brain development. In the adult brain, astrocytes are found
to enclose synaptic junctions and nodes of Ranvier and to secrete trophic factors.
Furthermore, astrocytes take an active part in the supply of ions and metabolites
for neurons and the regulation of the extracellular environment [85]. Similar to
neurons, astrocytes are functionally coupled over large areas of the brain. Besides
cell-contact-mediated communication via gap-junctions, astrocytes also communi-
cate by extracellular signaling molecules [84].

Microglia represent the third type of glial cells in the CNS. They are the principal im-
mune effector cell in the brain and are competent phagocytes [86]. Microglia monitor
their microenvironment and notice changes in the brain homeostasis. In response
to perturbations, microglial cells alter their activation status by up-regulating the
expression of ion channels, cell surface molecules for adhesion, complement bind-
ing and antigen presentation. Furthermore, an increase in motility and phagocytic

activity is commonly associated with transition, as well as the synthesis of a set
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of soluble factors, including cytokines and chemokines with potent immuno- and
neuroregulatory effects [87, 88] (see Section 1.2.2).
The following subsections will elaborate on different aspects of development, func-

tion and interrelation of oligodendrocytes and microglia.

1.2.1 Oligodendrocytes

Oligodendrocytes in the CNS generate large extensions of their plasma membrane,
which are wrapped around multiple axonal segments in a multilayered fashion. The
myelin membrane thus forms a tightly compacted and insulating entity with a char-

acteristic composition [82].

Composition of the myelin membrane

The myelin membrane is highly enriched in lipids (approx. 70 % of its dry weight),
in particular in cholesterol and the glycosphingolipids galactosylceramide (GalC)
and sulfatide [89]. Additionally, several hundreds of different proteins have been
detected by gel-based proteome analysis [90]. The major myelin proteins are the
proteolipid protein (PLP) and its alternative splice form DM20, representing 50%
of total myelin proteins. The second most abundant myelin protein is the myelin
basic protein (MBP) constituting 20 to 30% of the CNS myelin protein content.
Further myelin proteins are the 2’-3’-cyclic nucleotide 3’-phosphohydrolase (CNP)
[91] and the myelin-associated glycoprotein (MAG), which has two isoforms of 64
and 69 kDa. Another minor myelin component is the myelin/oligodendrocyte gly-
coprotein (MOG) [92]. The myelin sheath is characterized by both compact and
non-compact membrane regions, which also differ in their protein composition [89].
Typical compact-myelin proteins are PLP and MBP, the latter facing the cytosolic
membrane surface. MBP is instrumental in the process of myelination, as it medi-
ates the compaction of the myelin membrane [89]. Both are found in the compacted
internodal regions. CNP and MAG are localized in the non-compacted areas of

myelin [93].
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Origin of oligodendrocytes

Oligodendrocytes originate as neuroectodermal cells of the subventricular zones and
mature, after migration, into postmitotic myelin-producing cells [94]. The earliest
precursor Pre-GD3 differentiates into the proliferative and migratory bipolar O-
2A precursors which can differnetiate into both astrocytes and oligodendrocytes
[95]. Lineage progression proceeds via postmigratory pro-oligodendroblasts [96] to
immature oligodendrocyte stage, identified by synthesis of GalC, sulphatide and
CNP. Finally, mature oligodendrocytes develop that express terminal differentiation
markers MBP, PLP and MOG [83].

Oligodendroglial exosomes

Oligodendrocytes secrete exosomes enriched in myelin proteins PLP, CNP, MBP
and MOG [4-6]. In oligodendrocytes, the lipid ceramide has been implicated in the
budding of exosome-associated membrane domains into the lumen of endosomes [5].
It is thought that the formation of ILVs is fascilitated by membrane invaginations
due to the cone shaped structure of ceramide [5, 97]. Whereas ceramide was shown to
be necessary for the sorting of cargo into the exosomal pathway, membrane destined
for lysosomal degradation is sorted by the ESCRT machinery [5]. Furthermore, the
treatment of oligodendrocytes with the calcium-ionophore ionomycin increases the

release of exosomes [4].

1.2.2 Microglia

Microglia constitute 10 to 20 % of the total population of glial cells in the adult
mammalian CNS [98]. They are suggested to originate from the hematopoietic cell
population and invade the CNS during development [99]. Postnatally, they are found
in all regions of the CNS in a non-overlapping territorial fashion [100]. Microglia
ptake part in tissue repair after injury, similar to that of resident macrophages in
peripheral organs. Micoglial cells express most common macrophage markers includ-
ing the calcium-binding adaptor molecule 1 (Ibal), Fc receptor (FcR), integrin-aM
(MAC-1/CD11b) and F4/80 [101, 102]. Based on their spatial localization within

the CNS, microglia are divided into two groups, parenchymal microglia and perivas-
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cular microglia. They have a highly branched morphology, with each cell soma
decorated by long processes with fine termini [103] (see Figure 1.3). Under physio-
logical CNS conditions microglia continually survey their microenvironment through
motile processes and membrane protrusions. The dynamic motility of resting mi-
croglia is partly directed towards synapses, to which they send out their processes
with a frequency dependent on neuronal activity. Recent findings propose that mi-
croglia monitor and respond to the functional status of synapses [104]. While the
parenchymal microglia are a stable self-renewing population [105, 106], the perivas-

cular microglia population is rapidly replenished by bone marrow stem cells [107].

Under pathological conditions like infectious diseases or neurodegenerative pro-
cesses, microglia change their ”surveying status” [108]. They migrate to and within
the lesion site while releasing a wide range of soluble factors. This includes cytotox-
ins, such as free oxigen intermediates or NO, neurotrophins and immunemodulatory
factors [108-110]. Disruption of the blood-brain-barrier results in focal activation
and active shielding of the injured site [111, 112]. Studies using transcranial two-
photon microscopy identified highly dynamic and rapid responses of microglia to-
wards a site of traumatic injury, which were attracted by local release of ATP [103].
Importantly, peripheral macrophages and immune cells of the adaptive system are
infiltrating the CNS during neuroinflammation to support the innate immune sys-
tem. As professional phagocytes microglia can engulf invading microorganisms,
remove potentially deleterious debris, promote ensuing tissue repair by secreting

wound-healing factors and thus facilitate the return to tissue homeostasis.

1.2.3 Innate immunity mediated by microglia

The brain has a very effective barrier system based on tight junctions of the vascu-
lature, the choroid plexus and the meningeal interfaces that prohibits free access of
serum components and blood cells to the brain tissue. As long as the blood brain
barrier (BBB) is intact, the CNS remains largely separated from the peripheral

immune system [110]. In the intact brain the direct interaction of microglia with
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Figure 1.3: Morphology of a microglial cell in the murine hippocampus.
3D-reconstruction of a microglial cell in the adult murine hippocampus with highly
branched processes. Mareike Schnaars, unpublished data.

pathogens and other immune cells is however limited. During pathological processes
the blood-brain barrier becomes leaky and immune cells can infiltrate the CNS to
mount the adaptive immune response. Whereas naive T cells are largely excluded
from the CNS; activated T cells can migrate across the BBB, regardless of antigen
specificity [113]. However, the resident microglia immediately support the initiation
of the innate immune response.

Pathogens invading the CNS are recognized through receptors activated by pathogen
associated molecular patterns (PAMPs). The largest class of pattern recognition re-
ceptors are the Toll-like receptors (TLRs), which are also expressed by microglia
[114]. A large family of TLRs, consisting of 10 TLRs in human and 12 TLRs in
mice has been characterized, which recognize patterns produced by bacteria, viruses,
parasite and fungi [115]. In addition to ligands produced by infectious microorgan-
isms, few proteins of the host are thought to be ligands for TLRs. Recognition of
the endogenous ligands, such as HSP70, is likely to be a natural defense mechanism
for the host to initiate an immune reaction in presence of damaged tissue [116].
Besides TLRs, microglia express nucleotide-binding oligomerization domain (NOD)
proteins and non-TLR receptors, that are implicated in the recognition of PAMPs

[117]. The binding of PAMPs to the respective microglia initiates the phagocytic
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removal of the pathogen (see Section 1.3). Moreover, the ligand-receptor interaction
is triggering a pro-inflammatory phenotype of the cell and leads ultimately to the
release of pro-inflammatory cytokines, as well as chemokines, proteases and redox
proteins that help in tissue defense [117]. Another important facet of TLR ligation
is the subsequent upregulation of co-stimulatory molecules, necessary to recruit and
activate the cells of the peripheral immune system. This constitutes a way of bridg-

ing the innate and the adaptive immune responses [118].

1.2.4 Antigen presentation by microglia

Three populations of cells have the potential to act as antigen presenting cells
(APCs) in the CNS: parenchymal microglia and perivascular macrophages, both res-
ident APCs, and CNS-infiltrating inflammatory macrophages/dendritic cells [102],

which originate in the bone marrow [119].

Antigen-presenting cells

Since whole proteins are not recognized by T cells, antigen-presenting cells must pro-
cess the captured antigen by cleaving the protein into antigenic peptides. Among
the most efficient APCs are dendritic cell (DC), which are found in all peripheral
tissues and accumulate at the sites of of pathogen entry [120]. Immature DCs ex-
press a variety of phagocytic receptors, as well as Toll-like receptors and have a high
phagocytic activity [121]. Early immature DCs in peripheral tissue concentrate their
MHC class IT molecules intracellularly [122]. After ingestion of pathogens, they un-
dergo maturation and differentiate through an intermediate state, into late DCs,
which exhibit almost all of MHCII on their plasma membrane [122]. As competent
antigen presenting cells, DCs process antigens derived from pathogens, apoptotic
cells or infected cells into peptides and load them onto MHC class I or class II
molecules [120] (see below).

After capture of antigenic proteins derived from pathogens or cellular debris, tissue
macrophages/ DCs migrate to the draining lymph nodes to present the antigen to

T cells and initiate the primary immune response. While CD4" T cells are activated
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by antigen presented on MHCII molecules, CD8" T cells are stimulated by antigen-
loaded MHCI molecules [102]. Upon activation, T cells leave the lymph node and
circulate trough the body searching for their target antigen. Within the target tis-
sue, local APCs present the target antigen and retain the activated T cells at the
site of damage or pathology. Many factors, including the affinity of the TCR for its
antigen, the expression levels of MHCII, co-stimulatory molecules and chemokines
define their future fate. This can lead to T cell proliferation or differentiation of
effector functions [102]. Like other APCs, DC are specialized in linking the innate

immune system with the adaptive immune response [120].

Major histocompatibility complexes

Presentation of protein-derived antigens to the immune effector cells is mainly ac-
complished by two protein complexes expressed by antigen-presenting cells. The
major histocompatibility complex class I (MHCTI), which is largely mediating the pre-
sentation of endogenous antigens and the major histocompatibility complex class 11
(MHCII), used for presentation of exogenous antigenic material [123-125].

MHCT complexes are comprised of a membrane-linked heavy chain, a soluble light
chain and a short peptide bound to a groove within the heavy chain. All subunits
are typically assembled in the ER through a elaborate assembly pathway. In the
classical pathway, endogenous proteins from the cytosol are processed to peptides by
the proteasome and transported into the ER lumen by the transporter associated
with antigen-processing (TAP) [123]. The peptide loading complex supports the
loading of peptide onto the MHCI complex and the peptide-occupied MHCI exits
from the ER and transits to the cell surface where T cell activation takes place.
In the non-classical pathway, exogenous antigens can be taken up by APCs trough
endocytic mechanisms (see Section 1.3) and further processed for presentation via
MHCI molecules. This process called ”cross-presentation” is triggering a CD8*
T cell response to exogenous antigens [123].

The second class of major histocompatibility complexes, MHC class II molecules, is
comprised of heterodimers of two transmembrane proteins. After biosynthesis, both

subunits assemble in the ER together with a short invariant peptide chain [124, 125].



1.2 Glia cells in the central nervous system 17

Following the transport to the Golgi complex, most of the MHC class II molecules
are transfered to the endocytic compartments of the cell [126, 127]. After process-
ing of exogenous antigens within the endocytic compartments, peptides are loaded
on MHC class II molecules and further processed to 10 to 20 amino acid peptides.
Finally, the peptide-loaded complex is translocated to the cell surface, where it is
recognized by CD4" T cells.

Antigen presentation by microglia

The microglia within the CNS parenchyma are long lived and have a low turnover
rate as compared to perivascular macrophages [128]. In healthy adult humans, these
parenchymal microglia are shown to be MHC class I and II negative and thus in-
capable of acting as antigen-presenting cells [110, 129]. However, the MHC class 11
expression is upregulated in human parenchymal microglia after damage or during
immune reaction [130]. In witro studies on unstimulated microglia showed, that
these cells can not present antigens. Upon activation by interferon-y (IFN~ ) or
by viral infection, microglia are stimulated and subsequently able to process and
present viral antigens and exogenous myelin antigens to T cells [131]. Further stud-
ies revealed that after stimulation with IFN~ or tumor necrosis factor-a (TNFa«),
the expression of T cell costimulatory receptors like ICAM-1, CD40, B7-2 and B7-1
is dramatically upregulated [129, 132]. Hence, microglia are under certain circum-
stances capable to interact with T cells in an antigen-specific manner [102].

In addition to parenchymal microglia, macrophage populations localize to the perivas-
cular space, the choroid plexus and the meninges. These microglia/ macrophage pop-
ulations display a different phenotype compared to parenchymal microglia, probably
due to their distinct microenvironment [133]. Perivascular macrophages constitu-
tively express MHC class IT [134, 135] and can present presentation, even without
preceding stimulation.

Although in wvitro studies suggest that microglia can present antigen, there is no
evidence yet that microglia are capable of moving to the cervical lymph nodes like
mature DCs. This step is crucial in the initiation of the primary immune response,
since T cells need to be stimulated by antigen bearing APCs prior to their cir-

culation to the site of pathology [102]. So far it could only be shown that the
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antigen-presenting microglia is awaiting the already primed T cell within the CNS.
Despite the blood-brain-barrier, activated T cells easily infiltrate the CNS [105, 136],
where microglia can retain and restimulate already primed T cells [137]. Depending
on the microenvironment, this can lead to T cell proliferation, T cell anergy or even

T cell apoptosis [102].

Chemokines and microglia

To fulfill their role in the innate immunity, microglia are equipped with appropriate
sensors to monitor alterations in soluble and insoluble factors in their microenviron-
ment [1]. The interaction of chemokines and their receptors is complex and reflects
some redundancy in the system, as individual chemokines can activate several dif-
ferent chemokine receptors and conversely, individual chemokine receptors can often
be activated by several different chemokines [138].

The production of chemokines by resident cells is crucial for the recruitment of T cells
into the inflamed CNS. Among the cell types identified as sources of chemokines
are microglia, astrocytes, neurons and endothelial cells [138]. A large set of dif-
ferent chemokines are upregulated during pathological states. Among these are
fractalkine/CX3CL1, as well as the inflammatory chemokines MCP-1/CCL2, MCP-
2/CCL8, RANTES/CCL5, MIP1a/CCL3, MIP15/CCL4, 11-8/CXCLS8 and IP-10/
CXCL10 [138].

The chemokine fraktalkine is widely expressed in the brain and localizes principally
to neurons, as a membrane-bound ligand, whereas its receptor is found exclusively
in microglia and astrocytes [138]. Interestingly, fractalkine induces proliferation of
microglial cultures. The chemokines CCL2, CCL3, CCL4, CCL5 and CXCL10 have
a role in the attraction of T cells and monocytes/ macrophages [119]. In contrast
to its pro-inflammatory functions, the chemokine RANTES/CCL5 seems to exert
additionally a vital role in the brain development by influencing the development
of astrocytes. A proliferative activity on astrocytes has been found for MIP1a and
MIP13 as well [138].
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Table 1.1: List of cytokines and chemokines released by microglia [1]

Cytokine/ chemokine Abbreviation Cytokine/ Chemokine Abbreviation
Growth regulated oncogenea Groa gamma interferon inducible protein-10  IP-10
Interleukin-la/-138 IL-1a/1L-18 monocyte chemattractant protein-1 MCP-1
Interleukin-1 receptor antagonist IL-1ra macrophage colony stimulating factor M-CSF
Interleukin-3 1L-3 macrophage derived chemokine MDC
Interleukin-6 IL-6 macrophage inflammatory protein-la MIP-1«
Interleukin-8 IL-8 macrophage inflammatory protein-13 MIP-18
Interleukin-10 IL-10 macrophage inflammatory protein-2 MIP-2
Interleukin-12 1L-12 macrophage inflammatory protein-348 MIP-358
Interleukin-15 IL-15 regulated on activation, RANTES
Interleukin-18 1L-18 normal T cell expressed and secreted
Transforming growth factorf TGEp Tumor necrosis factora TNF o

Cytokines and microglia

Besides chemoattractive chemokines, further cytokines were found to play a role
in the intercellular communication within the CNS. Under physiological conditions,
cytokines are produced in low levels in the CNS, however after injury cytokines
are transiently upregulated and secreted by many cell types including microglia
[139]. In addition, viral envelopes, bacterial wall components and other infectious
agents are efficient inducers of cytokine release [1]. Multiple cytokines and their
receptors have been found to be present and functional in the CNS. Among them
are TNFq, interferons, 1L-1, 1L-2, IL-3, IL-4, IL-6, 1L-10, IL-12, 11.-15 and IL-18,
TGFpB, MCSF, PDGF, EGF and neurotrophic factors [1]. IFNy and TNFa are
potent pro-inflammatory cytokines produced by key participants of the adaptive
immune response (e.g. NK cells, CD4% T cells) and known to shift the microglial
phenotype towards pro-inflammatory state [140]. Interestingly, TNFa is also se-
creted by microglia, as well as pro-inflammatory cytokines IL-13 and IL-6. Another
example are the colony-stimulating factors (CSFs), including IL-3, macrophage-CSF
and granulocyte-macrophage-CSF. They have been implicated as key determinants
of pro-inflammatory microglial activity [141-143]. To limit the course of an in-
duced pro-inflammatory response, several negative feedback mechanisms are operat-
ing. The conversion of microglia from pro-inflammatory into an immun-modulatory

phenotype is a critical component due to the switch from the production of pro-
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inflammatory to anti-inflammatory cytokines [139]. The interleukins IL-4, 1L-10,
IL-13 and TGFS for example act on microglia and suppress many IFN~ - induced
functions including the expression of MHCII and costimulatory molecules CD40 and
B7-2 as well as the production of pro-inflammatory TNFa and IL-13. All cytokines

and chemokines released by microglia are summarized in Table 1.1 [1].

1.2.5 Microglia and multiple sclerosis

Multiple sclerosis (MS) is an inflammatory demyelinating autoimmune disease of
the CNS [144]. Tts onset is usually between 20 and 40 years of age [145] and the dis-
ease leads to substantial neurological disability in the majority of the patients [146].
There are two major forms of MS: the relapsing-remitting form, with 85 to 90% of
all cases, and the primary progressive MS. Most patients with relapsing-remitting
MS develop a secondary progressive MS later on. Both environmental and genetic
factors have been implicated in the susceptibility to multiple sclerosis. For example,
one or more susceptibility genes are located on chromosome 6p21 in the area of the
major histocompatibilty complex, which is thought to account for 10 to 60% of the
genetic risks of MS [147, 148].

Microglia contribute to the pathology of MS and its model experimental autoimmune
encephalitis (EAE) through antigen presentation and secretion of pro-inflammatory
cytokines [149]. Heppner at al. revealed that the paralysis of microglia inhibits
the development and maintenance of inflammatory lesions. In their studies, they
used transgenic mice that express the suicide gene HSVTK under the CD11b pro-
moter. After application of ganciclovir, they observed ablation of macrophages,
while parenchymal microglia were still vital but unable to release immun-modulatory
molecules that either damage tissue directly or attract immune cells including au-
toreactive T cells in EAE [112].

Findings by Becher and colleagues described the importance of one microglial signal-
ing molecule in the development of MOG induced EAE. In transgenic mice lacking
microglial expression of 11.-23, the clinical symptoms of MOG-EAE were drastically
reduced. Although there was little impact on the degree of inflammation, the T cell
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cytokine profile shifted from a pro-inflammatory Thl response to a protective Th2
response [150].

Besides the negative contributions of microglial cells in MS and EAE pathology,
there is also evidence emphasizing a potential beneficial role of microglia in the
course of MS. Next to secretion of neurotrophic factors [151], microglia also release
anti-inflammatory cytokines (IL-10 and TGFf3) [152]. Microglia are able to change
the inflammatory state of the microenvironment and promote neurogenesis. Thus,

microglial cells may perform both neuro-destructive and neuro-protective functions

[153).
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Figure 1.4: Endocytic pathways in mammalian cells.

Endocytic mechanisms are divided into two main classes depending on whether uptake
involves mainly fluid and solutes (pinocytosis) or large particles (phagocytosis). Phago-
cytosis is restricted to phagocytic cells, while pinocytosis encompasses several distinct
mechanisms that can be further divided by the implication of distinct proteins. Note that
not the entire range of endocytic mechanisms and active proteins is depicted. The fig-
ure is adapted from Mercer and Helenius (2009). Reprint by permission from Nature
Publishing Group: Nature Cell Biology, copyright (2009).

1.3 Endocytic pathways in mammalian cells

There are many distinct endocytic pathways that coexist in mammalian cells. A
common feature of all pathways is the coordinated action of proteins capable of
deforming the plasma membrane to form highly curved endocytic intermediates and
proteins that can induce scission of these intermediates from the plasma membrane
[154]. Nevertheless, the processes differ in the nature of the cargo, the cellular fac-
tors involved and the fate of the internalized material. Among the variety of strate-
gies to internalize particles and fluids are phagocytosis and a group of pinocytotic
mechanisms, including clathrin- or caveolin-mediated endocytosis and macropinocy-
tosis (see Figure 1.4). The following subsections will elaborate on phagocytosis and

macropinocytosis, both are endocytic mechanisms active in microglia.
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1.3.1 Phagocytosis

Phagocytosis by macrophages is critical for the uptake and degradation of infectious
agents and participates in development, tissue remodeling, immune response and
inflammation. Since phagocytosis of apoptotic cells is a constitutive physiological
process, the mechanisms enabling marcrophages to recognize, bind, internalize and
degrade apoptotic cells need to function without activating the pro-inflammatory
responses of the macrophage. In order to phagocytose apoptotic cells, macrophages
must encounter a ligand, which is not present on live cells. Ligands known so far to
fit these criteria are for example phosphatidylserine in the outer leaflet of the mem-
brane, changes in pattern of glycosylation of cell surface proteins and surface charge
[155, 156]. Several receptors were found to act in the phagocytosis of apoptotic
cells. Those include scavenger-receptor-AI/IT [157], class B scavenger R (CD36),
vitronectin receptor [158] and CD14 [159]. Scavenger receptor A binds acetylated
and oxidized low-density lipoprotein [160]. CD36 has been identified as one of the
receptors for collagen type I, thrombospondin, oxidized LDL and phosphatidylserine
[161].

In addition, the Fc receptor and the complement receptor are involved in phago-
cytosis [162]. The type I phagocytosis [163, 164] initiated by the Fc-receptor via
immune IgG binding is characterized by extension of pseudopodia and envelopment
of the phagocytic target. This mechanism relies on the activity of tyrosine kinases
and small G-proteins Rac and Cdc42. In contrast, type II phagocytosis results from
ligation of CR3/ Mac-1 by complement opsonized particles [163]. Complement pro-
teins, present in serum, opsonize bacteria for phagocytosis [165]. This mechanism
depends on the activation of RhoA and requires microtubules [163, 164, 166].
Particle internalization is initiated by the interaction of specific surface receptors of
the phagocyte with ligands on the surface of a particle, leading to the polymeriza-
tion of actin at the site of ingestion. The particle is internalized via an actin-based
mechanism, and finally actin is removed from the phagosome and maturation culmi-
nates in the phagolysosome [167]. Besides PI-3 kinase, the family of RhoGTPases,
protein kinase C and also motor proteins appear to participate in the stimulation of

actin polymerization and induce the formation of phagosomes [168, 169]. Rho family
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GTPases cycle between an inactive GDP bound state and the active GTP-bound
state whilst their activation is mediated by specific guanine-nucleotide-exchange fac-
tors (GEFs). Inhibition of Racl and Cdc42 blocks phagocytosis by preventing the
accumulation of F-actin in the phagocytic cup [170]. ARF6 inhibition, implicated
in endocytosis and membrane recycling, blocks Fcy R-mediated phagocytosis in
macrophages [171]. Often antibody-mediated blocking of specific receptors or ge-
netic ablation of a single receptor have only a partial effect on the engulfment of
cell debris. Apoptotic cell recognition appears to be dependent on the target cell,
the set of receptors expressed by the phagocyte and the state of activation of the
phagocyte during engulfment [172, 173].

1.3.2 Macropinocytosis

Unlike receptor-mediated endocytosis and phagocytosis, macropinocytosis seems not
to be regulated by the direct actions of cargo/receptor molecules [174]. Hence, it
represents a distinct pathway of endocytosis in mammalian cells. Macropinocytosis
is usually initiated by external stimulation by growth factors and involves the forma-
tion of large vacuoles [175]. It is primarily used for the non-selective internalization
of fluid and membrane [176]. However, it is also used by pathogens like bacteria and
viruses for the specific infectious entry of the cell [177-180].

Macropinocytosis is associated with membrane ruffling characterized by circular
cup-shaped membrane extensions and large plasma membrane extrusions [175]. This
process is thought to be activated by growth factors triggering activation of receptor
tyrosine kinases, which in turn activate a signaling cascade regulating dynamics of
actin filaments. Actin and many of its key regulators are therefore associated with
macropinocytic activity [181, 182]. While most ruffles fuse back into the plasma
membrane, a few fold back forming fluid filled cavities and undergo membrane fission
to become macropinosomes [175]. Macropinosomes are inhomogeneous in size with a
diameter of 0.5-10 pm [175] and share many features with the endosomal/lysosomal
system. In macrophages it was shown that macropinosomes migrate in a centripetal

manner and rapidly acquire markers of the late endosome, such as Rab7, before
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ultimately fusing with the lysosomal system [183]. Macrophages as well as DCs are
capable of both macropinocytosis and phagocytosis [184].

While immature DCs actively carry out macropinocytosis and phagocytosis, in
mature DCs these activities are less pronounced [185-187]. Actin and its regu-
lation by Rho family GTPases play important roles in mediating phagocytosis and
macropinocytosis. Especially, levels of activated Cdc42 are used to regulate their

endocytic capacity during development [188].

1.4 Aims and objectives

Oligodendrocytes as the myelin forming cells of the central nervous system are spe-
cialized to synthesize large amounts of membrane. These cells secrete membrane
vesicles, so-called exosomes, into the extracellular space that are enriched in the
proteolipid protein, a major myelin protein and a candidate autoantigen in multiple
sclerosis. The goal of this study was to analyze the fate and function of oligoden-
droglial exosomes in the extracellular milieu.

One putative function of oligodendroglial exosomes is to remove obsolete proteins
and lipids during oligodendroglial membrane production and turn-over. Oligoden-
drocytes might not have the capacity to entirely recycle myelin components, but
instead employ microglia for this task. Moreover, oligodendroglial exosomes can
also represent putative "antigen shuttles” during autoimmune diseases. To study
the fate of oligodendroglial exosomes, we sought to address the following main ques-
tions: How are exosomes internalized and by which cells? Do exosomes transfer
antigens to antigen-presenting cells?

To reveal the function of exosomes, we used purified exosomes both from oligo-
dendroglial precursor cell line as well as primary cells. We analyzed their fate in
microglial cell lines, primary glial culture systems and transgenic mice. We assessed
their internalization trough visualization by confocal and two-photon microscopy, as

well as with biochemical and ELISA based approaches.
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Materials & methods

2.1 Materials

2.1.1 Chemicals and consumables

All chemicals used in this study were obtained from Sigma-Aldrich (Sigma-Aldrich
Chemie GmbH, Munich, Germany), Merck (Merck KGaA, Darmstadt, Germany),
or AppliChem (AppliChem GmbH, Darmstadt, Germany), unless stated otherwise.

All basal media, supplements, antibiotics and sera for cell culture were purchased
from Gibco/Invitrogen (Invitrogen GmbH, Darmstadt, Germany) or PAA (PAA
Laboratories GmbH, Célbe, Germany).

Consumables were purchased from Falcon (Becton Dickinson Labware Europe,
Le Pont De Claix, France) and Eppendorf (Eppendorf AG, Hamburg, Germany).
CELLSTAR culture vessels were obtained from Greiner Bio-One (Greiner Bio-One
GmbH, Frickenhausen, Germany). Ultracentrifugation tubes were obtained from
Beckman (Beckman Coulter GmbH, Krefeld, Germany).

2.1.2 Antibodies and fluorophore-coupled compounds

Primary antibodies used in this study are listed in Table 2.1. Rhodamine-conjugated
wheat germ agglutinin (WGA) used for general membrane staining was obtained
from Molecular probes (Invitrogen, Carlsbad, CA, USA).

Annexin V-FITC and Isolectin B4-FITC were purchased from Sigma-Aldrich (Sigma-
Aldrich Chemie GmbH, Munich, Germany). FITC-dextran and Rhodamine-dextran

26



2.1 Materials

27

(MW=>40,000) was obtained from Molecular Probes (Invitrogen, Carlsbad, CA,

USA). Secondary fluorophore- and peroxidase-conjugated antibodies were purchased

from Dianova (Hamburg, Germany).

Table 2.1: Antibodies

Target Host species Application Reference

B7-1 Mouse monoclonal  IF (1:50) Pharmingen, BD , San Jose, CA, USA
B7-2 Mouse monoclonal  IF (1:15) Pharmingen, BD , San Jose, CA, USA
Calnexin Rabbit WB (1:1000) Stressgen Bioreag., Victoria, Canada
GFAP Rabbit IF (1:100), WB (1:1000)  Promega, Mannheim, Germany
GM130 (cis-Golgi) Mouse IgG1 IF (1:200), WB (1:500) BD Transd. Lab., San Jose, CA, USA
Ibal Rabbit IF (1:200), WB (1:2000) Wako Chem. GmbH, Neuss, Germany
Lamp-1 Rat IgG2a IF (1:200) BD Biosciences, San Jose, CA, USA
MHCII Rat IF (1:200) clone M5/114.15.2

MOG (clone 8-18-C5)  Mouse IgG1 IF (1:100), WB (1:500) Millipore, Billerica, MA, USA

Myc (clone 9E10) Mouse IgG1 IF (1:400) Sigma-Aldrich, Munich, Germany

01 Mouse IgM IF (1:50) [189, 190]

PLP (clone 3F4) Mouse IgG WB (1:100) [191]

Synaptophysin 1 Mouse IgG WB (1:1000) Synaptic Sys., Gottingen, Germany
Tubulin, BIII Mouse IgG1 IF (1:3000) Promega, Mannheim, Germany

2.1.3 DNA constructs

The following plasmids were used in this study:

e pcDNA3.1-MOG (full length) [192]

e and pEGFP-PLP-myc [193]

Plasmid DNA was amplified in DHbaE. coli
DH5q, Invitrogen, Carlsbad, CA, USA) and purified using commercial kits listed in

Table 2.3.

strains (Subcloning Efficiency
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2.1.4 Buffers and solutions

10x PBS was prepared according to [194]:

10X PBS (1L)
80.0 g NaCl
20g KCI
14.4 g NagHPO, (or 18.05 g Na;,HPO, x 2H50)
24 ¢ KHyPO,
To obtain 1X PBS, 10X PBS was diluted 10 times with ddH,O, pH value was
adjusted to 7.4.

2.1.5 Cell culture media
Super SATO Medium

Primary oligodendroglial cultures used in this study were grown in Super SATO
medium [193]:

Super SATO medium (100 mL)

2 mLL  B-27 Supplement, 50X

1 mL GlutaMAX-1 supplement, 200 mM

1 mL  Penicillin/Streptomycin, 5000 U/5000 ug

1 mL  Sodium pyruvate, 100 mM

10 pL.  Triiodothyronine (Calbiochem/Merck KGaA, Darmstadt, Germany),
5 mM stock in ethanol

13 pL. L-Thyroxine (Calbiochem/Merck KGaA, Darmstadt, Germany),
4 mM stock in 0.26 N NaOH, 25% ethanol

1 mL  Horse serum (PAA Laboratories GmbH, Pasching, Austria)

in Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L glucose
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SATO Medium

The oligodendroglial precursor cell line Oli-neu [195] was grown in SATO medium
[193]:
SATO medium (100 ml)
1 mL  Insulin-Transferrin-Selenium-A Supplement I'TS-A, 100X
1 mLL  Putrescine dihydrochloride, stock 10 mM in DMEM
10 ul. Progesterone, stock 2 mM in ethanol
10 pL. - Triiodothyronine ( Calbiochem/Merck KGaA, Darmstadt, Germany),
5 mM stock in ethanol
13 pL.  L-Thyroxine (Calbiochem/Merck KGaA, Darmstadt, Germany),
4 mM stock in 0.26 N NaOH, 25% ethanol
1 mL GlutaMAX-1 supplement, 200 mM
1 mL  Penicillin/Streptomycin, 5000 U/5000 ug
5 mL  Horse serum (PAA Laboratories GmbH, Pasching, Austria)
in Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L glucose.

2.1.6 Inhibitors, sugars and peptides for cell culture assays

All inhibitors, sugars, proteins and peptides used for various cell culture experi-
ments (see Table 2.2) were purchased from Sigma-Aldrich (Sigma-Aldrich Chemie
GmbH, Munich, Germany) or Calbiochem (Calbiochem/Merck KGaA, Darmstadt,
Germany). LDL-receptor-related protein associated protein 1 (LRPAP1) was ob-
tained from Enzo lifescience (Enzo Life Sciences International, Inc, PA, USA) and

recombinant mouse MFGES protein was purchased from RD Systems.

2.1.7 Commercial kits

Commercial kits used in this project are listed in Table 2.3.

2.1.8 Specific software

List of specific software used for assay design, data acquisition, processing and anal-

ysis can be found in Table 2.4.
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2.2

2.2.1

Table 2.2: Inhibitors, sugars and peptides

Inhibitors, Sugars and Peptides

Application (final conc.)

Amiloride

Bafilomycin Al

Blebbistatin

Chloroquine

Cytocholasin D

Dymnasore

Eppidermal gowth factor (EGF)
Fucoidan

Monensin

rMFGES
N-acetyl-D-glucosamine
D-mannosamine-hydrochloride
G-RGD-SP peptide (RGD)
G-RAD-SP peptide (RAD)
NSC23766

LRPAP1 (RAP)

Interferony (IFN~ )
Lipopolysaccharide (LPS)

Methods

Biochemistry

Preparation of cell lysates

1 mM

10 nM

50 uM

20 uM

2 uM

80 uM

10 ng to 100 ng/mL
40 ng/mL

14 M

100 ng/mL

20 mM

20 mM

1 mg/mL

1 mg/mL

300 uM

250 to 500 nM
100 ng/ml

1 ng to 10 ng/mL

Primary glial cells or Oli-neu cells were cultured in culture dishes (see Section 2.2.2).

The cell culture medium was removed, used for exosomes purification (see Sec-

tion 2.2.4) or discarded. The cell layer was washed once in PBS and scraped on ice

into 100 pL of lysis buffer (2% NP-40, 0.2% SDS, 0.5 mM EDTA in PBS) supple-
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Table 2.3: Commercial kits

Commercial kit Application Manufacturer

BCA Protein Concentration Measurements = Thermo Scientific, Rockford, IL, USA
FITC Antibody Labeling kit  Labeling of Myelin Thermo Scientific, Rockford, IL, USA
NucleoBond Xtra Midi kit DNA isolation, medium scale Macherey-Nagel, Dueren, Germany
NucleoSpin Plasmid kit DNA isolation, small scale Macherey-Nagel, Dueren, Germany
S35 Protein Labelling Mix Metabolic Labeling of Proteins Perkin Elmer LifeScience, MA, USA
QIAprep Spin Miniprep kit DNA isolation, small scale Qiagen, Hilden, Germany

Table 2.4: List of software

Software Application Source/Manufacturer

ImagelJ Image processing/analysis http://rsbweb.nih.gov/ij/

Leica Confocal Software, 2.61  Acquisition confocal images Leica, Mannheim, Germany

Matlab Version 7 Analysis of Two-Photon LSM Data  MathWorks, Ismaning, Germany
Meta Imaging Series 6.1 Image processing and analysis Universal Imaging Corp., USA
WinMDI software Analysis of flow cytometric data Purdue University, USA

Statistica Statistical analysis StatSoft GmbH, Hamburg, Germany
Zeiss LSM software Acquisition confocal images Zeiss, Jena, Germany

mented 1:50 with protease inhibitor '. The cell lysate was either directly used for

Western Blot analysis or stored at -20°C.

Determination of protein concentration

The protein concentration of cell lysates was determined using Pierce BCA Protein
Assay (Thermo Scientific, Rockford, IL, USA) according to the manufacturer’s in-
structions. This protein quantitation assay is based on bicinchoninic acid (BCA)
and combines a two step detection process. In the first step Cu(+4II) ions are re-
duced by the introduced protein to Cu(+I) in an alkaline medium. In the second
step, BCA reacts with the monovalent cuprous cation allowing the colorimetric de-
tection [196]. The absorbance of the purple-colored reaction product was measured

at 562 nm using a 96-well plate reader (MRXTc Revelation, Dynex Technologies).

!Protease inhibitors cocktail Complete Mini (Roche Applied Science, Mannheim, Germany).
Stock: 1 tablet in 1 mL PBS.


http://rsbweb.nih.gov/ij/

2.2 Methods 32

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

The electrophoretic separation of proteins was carried out in polyacrylamide gels.
Crucial for the accuracy of this process is the ionic detergent sodium dodecyl sul-
fate (SDS), which is necessary to denature proteins before and during the gel elec-
trophoresis. SDS binds to the polypeptide backbone of all proteins and covers
intrinsic charges of the amino acid chain. For this reason, proteins lose their sec-
ondary and tertiary structures and can be separated according to their size. In
addition, S-mercaptoethanol can be added, which further denatures the proteins by
reducing disulfide linkages, thus overcoming some forms of tertiary protein folding,
and breaking up the quaternary protein structure [197].

Before loading on the gel, the samples were incubated in reducing sample buffer
at 95°C for 5 min (composition see below). Exceptions were applied for MOG protein
analysis with semi-reducing SDS-PAGE conditions (incubation at 60°C for 10 min
in sample buffer without S-mercaptoethanol) and for PLP detection (incubation in

sample buffer was performed at 55°C for 10 min.).

Sample buffer for SDS-PAGE
50 mM  Tris/HCI pH 6.8

10% Glycerol
2 mM EDTA
2% SDS

0.05% Bromophenol blue
144 mM  S-mercaptoethanol (approx. 2% v/v)

The SDS-gels were prepared in a Bio-Rad Mini-PROTEAN 3 casting system,
separation of proteins was carried out in vertical electrophoresis systems Bio-Rad
Mini-PROTEAN (Bio-Rad Laboratories GmbH, Munich, Germany) in Tris-glycine
electrophoresis buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) for 2 h at 100 V

(15 V/cm). Resolving gel and stacking gels were of the following composition:
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Stacking gel

4% Acrylamide/bis-acrylamide 29:1 solution
125 mM Tris/HCI, pH 6.8

0.1% SDS

0.05% Ammonium persulfate (APS)

0.005% (v/v) N'N’N’N’-tetramethylethylene-1,2-diamine (TEMED)

Resolving gel (8 - 15%)

8 to 15% Acrylamide/bis-acrylamide 29:1 solution
375 mM Tris/HCI, pH 8.8

0.1% SDS

0.05% APS

0.005% (v/v) TEMED
Molecular weights of the analyzed proteins were estimated according to protein
molecular weight marker PageRuler®) Plus Prestained Protein Ladder (Fermentas,

St. Leon-Rot, Germany).

Western blotting

The Western blotting technique first described in 1979, is used for the identification
and quantification of electrophoretically separated proteins [198]. Upon separation
in SDS-polyacrylamide gels, proteins were transferred by electroblotting from the gel
onto a Whatman® Protran Nitrocellulose Transfer Membrane (Whatman GmbH,
Dassel, Germany). Protein transfer was carried out for 1 h at 100 V in a transfer
buffer (25 mM Tris, 192 mM glycine, 20% methanol) using the Bio-Rad Mini-Protein
System (Bio-Rad Laboratories GmbH, Munich, Germany). Afterwards, proteins

were detected using antibodies specific to the target proteins.

For immune detection, membranes were transferred into 4% nonfat dried milk
(Sigma-Aldrich Chemie GmbH, Munich, Germany) in PBS for 30 min at room tem-

perature (RT), to reduce unspecific binding of immunoglobulins. Incubation with
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primary antibodies was carried out in PBS supplemented with 0.1% (v/v) Tween-
20 (PBST) for 1 h at RT or for 16 h at 4°C (see Section 2.1.2 for the appropiate
antibody dilution). After three 10 min washing steps with PBST, membranes were
incubated with the appropiate secondary antibodies conjugated to horseradish per-
oxidase (HRP) (dilution 1:2000; purchased from Dianova, Hamburg, Germany).
After incubation of 1 h at RT, the membrane was washed three times for 10 min
with PBST.

Finally, antigens were visualized by chemiluminescence using the Pierce ECL West-
ern Blotting Substrate from Thermo Scientific (Epsom, United Kingdom). X-ray
films (CL-XPosure™ Film, ThermoScientific, Rockford, IL, USA) were exposed to
chemiluminescent signals and developed. Afterwards, signals were scanned with a

conventional scanner and the signal densities were quantified with ImageJ 2.

2.2.2 Cell culture techniques

Primary cell cultures and cell lines were maintained in humidified 37°C, 7.5% CO,
incubators; further culture conditions are specified below. All media and used com-
pounds (see Section 2.1.5, Section 2.1.6) were sterile or sterilized using 0.22 pm polyether-
sulfone (PES) filters (Corning Inc., Corning, NY, USA). Cell culture vessels and cov-
erslips for primary cultures were coated with poly-L-lysine (Mw>300000). Briefly,

100 pg /mL PLL was applied on the surfaces for 4 to 12 h at 37°C, aspirated and
washed with PBS. For cell lines 33 pg /mL PLL was applied on the surfaces for

30 min at RT, followed by washing with PBS respectively.

Primary glial culture

Primary glial cultures were prepared as described previously [193]. Briefly, brains
were extracted of NMRI mice (postnatal day 1) and meninges were removed. After
trypsinization for 10 min, cells were mechanically separated by pipetting and seeded
into cell culture flasks. Cells were grown in Basal Medium Eagle (BME) medium
supplemented with 10% horse serum (PAA Laboratories GmbH, Pasching, Austria)
and 1% penicillin/streptomycin.

2http://rsbweb.nih.gov /ij/
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After two weeks of incubation primary oligodendrocyte progenitors were shaken
of the mixed glial culture and plated onto poly-L-lysine (PLL) coated coverslips
or dishes. Primary oligodendrocyte progenitors were kept for 5 d in Super SATO
medium (see Section 2.1.5) to allow their differentiation.

The remaining cell monolayer comprised of microglia and astrocytes was further
incubated in DMEM with 10% FCS and microglia proliferation was stimulated by
addition of 15% MCSF-enriched cell culture supernatant from 1.929 cells (see Sec-
tion 2.2.2). After four days, microglia were shaken off and plated in dishes or onto
coverslips.

Astrocyte cultures were prepared by trypsinization of mixed glial cultures after
oligodendrocytes and microglia were shaken off and were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal calf serum (FCS)and 1% peni-

cillin/streptomycin.

Primary neuronal culture

For primary neuronal cultures brains of fetal NMRI mice (embryonic day E15 - E17)
were prepared, meninges removed and hemispheres collected. After trypzinization
for 5 min, cells were mechanically separated by pipetting and seeded onto PLL-
coated coverslips in Super SATO medium (see Section 2.1.5 at a density of 70,000
to 150,000 cells per coverslip. Neuronal cultures were grown for 14 d before being

used for experiments [193, 199].

Growth and maintenance of EOC-20 cell line

The mouse microglial cell line EOC-20 (kindly provided by H. Ehrenreich, MPI for
Experimental Medicine, Gottingen, Germany) was cultured in DMEM with 10%
FCS, 1% pyruvate, 1% L-glutamate, 1% penicillin/streptomycin and 100 ng/ml
mouse recombinant macrophage colony stimulating factor (MCSF, Sigma-Aldrich
Chemie GmbH, Munich, Germany). Growth medium was changed every three to

four days and cells were split once a week (1:3), when grown to a confluency of 80%.
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Growth and maintenance of L929 cell line

The mouse fibroblast cell line 1,929 (kindly provided by U.-K. Hanisch, Institute for
Neuropathology, University of Gottingen, Germany) was cultured in DMEM with
10% FCS for two weeks to allow secretion of macrophage colony stimulating factor
(MCSF). The conditioned medium was used for stimulation of primary microglial
cultures (see above). The L1929 cells were split every two weeks by trypsinization

and seeded (1:5) in cell culture flasks.

Growth and maintenance of Oli-neu cell line

The mouse oligodendrocyte precursor cell line Oli-neu ([195]; kindly provided by J.
Trotter, Heidelberg, Germany) was cultured in SATO medium (see Section 2.1.5)
containing 5% horse serum on poly-L-lysine (PLL) coated coverslips or cell culture
dishes. The cells were passaged 1:5 - 1:6 every two to three days when grown to

approx. 80% confluence.

2.2.3 Transfection of mammalian cells

The TransIT®) transfection reagent (Mirus Bio LLC, Madison, WI, USA) was used
to introduce expression vectors into cultured Oli-neu cells. This system takes ad-
vantage of liposomes, which are capable of encapsulating or binding nucleic acids,
to fuse with cellular membranes and thus delivering exogenous DNA into cells [200].
For the transfection, Oli-neu cells were cultured to approx. 75% confluence on the
day of transfection. For each coverslip in a 12-well plate, 3 uLi of transfection reagent
and 1 pg of plasmid DNA were added subsequently to 100 uL. OptiMEM-I (Invitro-
gen, Carlsbad, CA, USA) and gently mixed. After incubation at RT for 30 min, the
dilution was added dropwisly to the cell culture. Afterwards, cells were incubated
for 8 to 16 h prior to the experiment. For the transfection of cells grown in 10 cm

dishes, 15 puL of TransIT®) and 5 pug plasmid DNA were used accordingly.
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2.2.4 Exosome purification and labeling

All ultracentrifugation steps were carried out in a fixed angle 45Ti rotor using a
Beckman XL-70 Ultracentrifuge (Beckman Coulter GmbH, Krefeld, Germany), un-

less otherwise stated.

Exosome purification

Exosomes from Oli-neu cells and primary oligodendrocytes were purified as described
previously [12, 13]. One day prior to the preparation of exosomes, the cell culture
medium was replaced by the respective serum-free medium to exclude contamina-
tion with serum-derived exosomes. Cell culture supernatants were collected after
12 to 24 h of incubation. The medium was centrifuged once at 3,000xg and twice
at 4,000xg for 10 min, followed by 10,000xg for 30 min to remove dead cells and
cell debris. Finally, exosomes were pelleted by ultracentrifugation at 100,000xg for
1 h. The exosomal pellet was resuspended in PBS or in sample buffer for Western
blot analysis. The isolation and analysis of primary rat oligodendrocytes was per-
formed by Mostafa Bakhti, Max Planck Institute for Experimental Medicine, 37075

Gottingen, Germany .

Analysis of exosomes on continuous sucrose gradients

To analyze the purity of the 100,000xg pellet, a continuous sucrose gradient cen-
trifugation was applied. This technique allows the separation of membrane vesicles
according to their density [13]. For the analysis, sucrose solutions of different den-
sities (1.03 to 1.32 g/cm?® sucrose in 10 mM Hepes) were carefully overlayed in an
ultracentrifugation tube. The 100,000 x g pellet suspension was added on top of the
gradient and centrifuged for 16 h at 200,000xg. This centrifugation step was carried
out in swinging bucket rotor necessary for the establishment of a continuous sucrose
gradient (Sw41-Ti, Beckman Coulter GmbH, Krefeld, Germany). Subsequently,
eight fractions were recovered, diluted 1:3 in PBS and centrifuged at 100,000xg for
1 h to allow sedimentation of all comprised membrane vesicles. Pellets of all frac-
tions were resuspended in PBS and subjected to Western blot analysis or to exosome

internalization assay experiments.
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Fluorescent labeling of exosomes

For immunofluorescence analysis, the exosomal pellet was resuspended in PBS and
exosomes were stained with the lipophilic dye PKH67 or PKH26, respectively (Flu-
orescent Cell Linker Kits, Sigma-Aldrich Chemie GmbH, Munich, Germany) [201].
These fluorescent dyes contain long aliphatic tails allowing stably integration into
lipid regions of the cellular membranes [202]. For the staining reaction, 100 uL exo-
some suspension was mixed with 900 pL of DiluentC and 1 pL of dye. The reaction
was stopped after 5 min of incubation with 200 ul. exosome-free FCS. Exosomes
were washed with PBS to remove unbound dye and pelleted by ultracentrifugation
(100,000xg, 1 h).

Alternatively, exosomes were labeled by cross linking of carboxytetramethylrho-
damine succinimidyl ester (TAMRA-NHS, Biotinum, Inc.) to exosomal proteins as
described previously [203]. Briefly, 100 uL of exosome suspension was added to 1 mL
of 0.1 M sodium bicarbonate buffer (pH 8.3) containing 100 g TAMRA-NHS. Af-
ter 1 h of incubation, unincorporated TAMRA-NHS was removed using a 100 kDa
ultrafiltration tube (Amicon Ultra, Millipore). Exosomes were washed once with
PBS and pelleted by ultracentrifugation (100,000xg, 1 h).

2.2.5 Exosome internalization assay
In vitro exosome uptake assay

For the exosome internalization assay, primary glial or neuronal cells were plated
on coverslips and incubated for one to seven days in the respective growth media.
Prior to the uptake assay, exosomes were purified, labeled and diluted in growth
medium (see Section 2.2.4). The uptake was performed by incubating cell cultures
with exosome dilutions in a humid chamber for 2 h (37°C, 7% COy).

For inhibition experiments, cell cultures were pre-incubated with the respective com-
pound for 30 min before performing the uptake in its further presence (see Table 2.2).
For liposome experiments, liposomes were mixed with exosomes in the respective
growth medium prior to the experiment (see below). Subsequently, cells were fixed
with 4% PFA and stained for 15 min with the membrane dye WGA or subjected to

immunocytochemistry, respectively (see Section 2.1.2).
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For the quantification of internalization assays, ten to twenty viewing field images of
each sample were randomly captured on a Leica DMRXA microscope, with a 40 x
oil objective (Leica, Nussloch, Germany). Integrated fluorescence intensity was de-
termined with a module of Meta Imaging Series 6.1 software (Universal Imaging
Corporation, West Chester, PA, USA). A fixed threshold was used to eliminate the
low-intensity background signal in both channels. Integrated fluorescence intensity
of exosome signals was normalized with the respective integrated WGA surface stain
intensity. For correlation of MHC class II staining with exosome uptake, intensities
of single cells were measured and compared. Normal distribution of the data was
analyzed with Kolmogorov-Smirnov-test and significance was tested using Student’s
t-test or Mann-Whitney-U test, respectively. Results were regarded as significantly
different if p-values below 0.05 were reached. The level of significance was indicated
as follows: * p < 0.05, ** p < 0.01 and *** p < 0.001. Parts of the exosome in-
ternalization experiments were performed by D. Fitzner, Department of Neurology,
University of Gottingen/ Max Planck Institute for Experimental Medicine, 37075

Gottingen, Germany.

Liposome preparation

Liposomes used for the exosome internalization assay were prepared as described pre-
viously [204]. For internalization assays, the phospholipids L-a-phosphatidylcholine
(PC) and L-a-phosphatidylserine (PS) (Avanti Polar Lipids) were either used sep-
arately or in a 50 : 50 ratio. Briefly, liposomes were prepared by resuspension of
phospholipids in HBS (100 mM NaCl, 20 mM Hepes/NaOH buffer, pH 7.5). Sub-
sequently, vesicles were repeatedly passed through a polycarbonate filter to obtain
uniformly sized, unilamellar vesicles of approximately 100 nm in diameter. For inter-
nalization assays exosomes from Oli-neu cells were mixed with liposomes containing
either PC or PC/PS in a final concentration of 100 uM (see above).

Live imaging of exosome internalization

For live imaging of exosome uptake, coverslips containing EOC-20 cells were placed

in a self-made closed imaging chamber with imaging medium containing PKH26-



2.2 Methods 40

labeled exosomes (HBSS, 10mM HEPES, 1% horse serum, pH 7.4, 37°C). Imag-
ing was performed in a tempered live cell imaging chamber (The cube/The box,
Live Imaging Services) and observed using a Leica confocal microscope DMIRE2.
Images were required at 2 s intervals using sequential line excitation at 488 and
543 nm and appropriate band pass emission filters. The pinhole was set to 1.12 airy
units. Live Imaging of exosome internalization was performed by D. Fitzner, Depart-
ment of Neurology, University of Gottingen/ Max Planck Institute for Experimental
Medicine, D-37075 Gottingen, Germany.

2.2.6 S?° Metabolic labeling of proteins

The quantitative analysis of oligodendroglial exosome release was analyzed using a
radioactive S° pulse-chase approach. Cellular proteins were randomly labeled by a
pulse of S**-methionine/ S*°-cysteine and the amount of radioactivity released via
the exosomal fraction was determined over time.

For the metabolic labeling, 70,000 primary oligodendroctes or 80,000 Oli-neu cells
were seeded into 12-well cavities and grown in the appropriate culture medium
(see Section 2.1.5). The next day, medium was changed to methionine/cysteine-free
growth medium for 30 min. Afterwards, medium was supplemented with 165 uCi per
cavity of S?® protein labeling mix (Perkin Elmer Life Science, MA, USA). After
incubation for 1 h, cells were washed three times with methionine/cysteine-free
growth medium and exosome collection medium was added (horse serum-free growth
medium supplemented with 2 mM cysteine/ methionine). Medium and cell lysates
were collected after 0, 16 and 24 h of chase and supernatants were subjected to exo-
some purification. Radioactive decay of samples was measured using a scintillation

counter (Beckmann LS6000LL; Beckman Coulter GmbH, Krefeld, Germany).

2.2.7 Myelin preparation and internalization assay

For the isolation of myelin, all ultracentrifugation steps were carried out in a swinging
bucket Sw41-Ti rotor using a Beckman XL-70 Ultracentrifuge (Beckman Coulter
GmbH, Krefeld, Germany).
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Myelin purification on discontinuous sucrose gradients

Brains from six weeks old wild-type NMRI mice were prepared and washed once
in PBS. Each brain was homogenized by sonication in 1 mL ice-cold PBS supple-
mented 1 : 50 with protease inhibitors (Protease inhibitors cocktail Complete Mini,
Roche Applied Science, Mannheim, Germany; Stock: 1 tablet in 1 mL PBS). The
homogenate was resuspended in 10 mL of 0.32 M sucrose solution (5 mM EDTA,
10 mM HEPES, pH 7.4). Afterwards, 5 mL of the homogenate at a time were lay-
ered over 5 mL of 0.85 M sucrose solution (5 mM EDTA, 10 mM HEPES, pH 7.4)
and the sample was spun at 75,000x g for 30 min. After centrifugation, the interface
between 0.32 M and 0.85 M sucrose was collected, diluted at least 10 times with
ice-cold HyO and centrifuged again at 75,000xg for 30 min to pellet the fraction.
The pellet was washed twice with ice-cold HyO (osmotic shock) and recovered by
10 min centrifugation at 12,000xg to remove cytoplasmic and microsomal contami-
nants. To obtain pure myelin, the pellet was resuspended in 0.32 M sucrose solution
and loaded once again onto the 0.85 M sucrose cushion. All subsequent steps were
repeated a second time and the pure myelin pellet was resuspended in PBS supple-
mented with protease inhibitors. The isolation of myelin procedure is based on the
W. Norton and S. Poduslo method [205], with modifications introduced in [206].

Fluorescent labeling of myelin

Myelin was purified and protein concentration was determined using BCA assay (see
Section 2.2.1). For the fluorescent labeling of myelin with fluorescein isothiocyanate
(FITC), a commercial kit for protein labeling was used (FITC Antibody labeling Kit,
Thermo Scientific, Rockford, IL, USA). The reaction was performed in an amine-
free borate buffer system, which allows the crosslinking reaction of FITC to primary
amine groups of the amino acid lysine. For the labeling reaction 1 mg of myelin was

used and the labeling reaction was performed as recommended by the manufacturer.

Myelin internalization assay

For the myelin internalization assay, primary microglia were plated on coverslips

and incubated for one to seven days in the appropriate growth media. Prior to
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the uptake assay, myelin was purified, labeled and diluted in growth medium. The
uptake was performed by incubating cell cultures with myelin dilutions in a humid
chamber for 2 h (37°C, 7% CO,). Subsequently, cells were fixed and processed for

immunofluorescence analysis (see Section 2.1.2).

2.2.8 Cytokine release assays

For cytokine release assays, primary microglial cells were separated from the mixed
glial culture by shaking and placed in 96-well plates at densities of 1.5x10° cells per
cavity [207]. After a 30 min attachment period, cells were extensively washed with
DMEM containing 10% FCS and kept in culture for one to three days. Cultures
routinely consisted of more then 98% microglial cells as determined by staining with
Griffonia simplicifolia isolectin B4 (Vector Laboratories, Burlingame, CA, USA).
After one day, cells received either fresh medium (basal release values) or medium
containing exosomes alone or in combination with 1 ng/ml LPS (E. coli R515, TLR
ligand set 1 (APO-54N-018), Axxora/Appotech). Cells were incubated for 18 h and
supernatants analysed. Cells were rinsed and given new medium with WST-1 agent
for viability assay (Roche Diagnostics).

Measurements of cytokines and chemokines in culture supernatants were performed
with factor- and species-specific complete ELISA systems or sets of capture and
detecting antibody pairs as well as standard proteins (RD Systems, Biolegend) as
described earlier [207]. The color reaction was measured at 450 nm on a microplate
reader (Bio-Rad, Munich, Germany). Adaptations were made to reduce sample
size and assay volume. Factors included TNF«, IL 6, IL-10, IL-12p40 (covering
the monomeric, homodimeric and heterodimeric versions, including IL-12p70 and
IL-23), CXCL1 (KC, the mouse equivalent of GRO«), CCL2 (MCP1), CCL3 (MIP-
la), CCL5 (RANTES) and CCL22 (MDC).

The cytokine release assays was performed by Tommy Regen, Institute of Neu-

ropathology, University of Gottingen, 37075 Gottingen, Germany.
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2.2.9 Flow cytometric measurements

Flow cytometric measurements were either performed with FACSCalibur (Becton

Dickinson, Germany) or FACSDiva (Becton Dickinson, Germany), respectively.

Flow cytometric analysis of primary microglia

For the flow cytometric measurements, primary microglia were placed into 12-well
plate cavities at densities of 2.0 to 3.0x10° or into 10 cm dishes at a density of
1.0x10%. After one day, the cells received either new medium, medium containing
exosomes in various dilutions and/or IFNvy (mouse recombinant, RD 485-MI/CF)
at a final concentration of 10 to 100 ng/ml. After 2 h to 2 d of incubation, cells
were trypzinized and scraped into FACS Buffer (2% FCS, 0.01% EDTA, pH 8.0
in PBS). Subsequently, cells were processed for analysis by incubation with Fc-
receptor blocking antibody followed by staining with directly fluorescent coupled
antibodies (see Table 2.5. Cytometric data was analyzed with WinMDI software
(Purdue University, USA) or FACSDiva software (Becton Dickinson, Germany)

The flow cytometric measurements were partially performed by Denise van Rossum,

Institute of Neuropathology, University of Gottingen, 37075 Gottingen, Germany.

Table 2.5: Directly-coupled antibodies (FACS)

Target clone Fluorophore/Specification Reference

CD11b M1/70 Alexa 488 BD Pharmingen, BD Bioscience
CD16/CD32 mouse BD Fc Block - BD Pharmingen, BD Bioscience
MHC class I KH114v Alexa 647 BD Pharmingen, BD Bioscience
MHC class IT  KH116 Alexa 647 BD Pharmingen, BD Bioscience

Flow cytometric analysis of exosomes

To analyze epitopes on the exosomal membrane, exosomes were purified and bound
to the surface of beads (aldehyde/sulfate latex 4%w /v, 4 um Invitrogen) as described
in [55]. Briefly, exosomes and beads were incubated overnight, washed and blocked
with BSA in PBS. Subsequently, loaded beads were transferred to annexin V bind-
ing buffer and incubated with FITC-labelled annexin V (dilution 1:20) for 15 min.

Afterwards, loaded beads were washed four times in annexin V binding buffer and



2.2 Methods 44

acquired on a FACSCalibur (FACSCalibur, Becton Dickinson, Germany). The flow
cytometric measurements were performed by Denise van Rossum, Institute of Neu-

ropathology, University of Gottingen, 37075 Gottingen, Germany.

2.2.10 T cell activation assay

In co-culture experiments, indicated numbers (5x10%, 1x105 or 2x10°/well) of pri-
mary microglia isolated from brains of C57BL/6 mice were plated in 96-well round
bottom plates. Cells were stimulated overnight with IFN~ (10 ng/ml), or left with-
out stimulation, and then gently washed twice with DMEM containing 10% FCS.
Myelin oligodendrocyte glycoprotein MOG-specific CD4™ T cells were isolated from
TCR-transgenic 2D2 mice [208] by negative selection using magnetic beads (RD
systems) as previously described [209]. 1x10° purified CD4" T cells were mixed
with microglial cells and recombinant MOG protein (rMOG), MOG peptide 35-55
(MOG35-55), recombinant ovalbumin, ovalbumin peptide 323-339 (ova323-339) or
exosomes were added at indicated concentrations. Three days after stimulation,
supernatants were collected and to determine IL-2 concentrations by ELISA. IL-
2 concentration was determined using a set of capture and detection antibodies
against IL-2 (BD Biosciences) as well as purified standard cytokine. 2,2a-azino-bis-
3-ethylbenzthiazoline-6-sulphonic acid (ABTS; Sigma-Aldrich) was used as a sub-
strate for detection and plates were read at 405 nm. The T cell activation assay
was performed by Gurumoorthy Krishnamoorthy, Department of Neuroimmunology,

Max Planck Institute of Neurobiology, Martinsried, Germany.

2.2.11 Stereotactic injection into the murine brain
Injection of IFN~ into the hippocampus

For the IFN+~ injection, eight to twelve weeks old NMRI mice were anethesized with
a mix of ketamine/xylazin i.p and chucked into a custom made stereotactic frame.
The skull was opened with a scalpel and the bregma was localized. The frame of the
stereotact was adjusted to the bregma and the following coordinates were chosen

to inject into the hippocampal area of the righten hemisphere (ap: -0.24, ml: -0.2,
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dv: -0.2). A hole was drilled at the injection site into the cranium and the wound
was cleaned with PBS. Afterwards, the needle was moved to the coordinates and
lowered into the right depth. Subsequently, 1 uL IFN~ in PBS (1 pg / pl ) or
PBS were injected at a velocity of 250 nL/min. After injection, the needle was left
for 5 min to allow distribution of the injected solution. The needle was removed
and the wound was closed with Histoacryl™ (B. Braun Melsungen AG, Melsungen,
Germany). Mice were observed for 24 h after injection, sacrificed and perfused.

The stereotactic injections were performed by Anja Schneider, Max Planck Institute

for Experimental Medicine, 37075 Gottingen, Germany.

Cryosectioning of mouse brains

For cryosectioning, mice were perfused with 4% PFA in PBS, brains were prepared
and washed in PBS. Brains were post-fixed for 2 d in 4% PFA solution at 4°C.
Afterwards, brains were incubated in 20% sucrose solution. For sectioning, brains
were cut into forebrain and cerebellum, mounted with Tissue-Tek™ (Sakura, Tor-
rance, CA, USA) on a metallic support and frozen in liquid nitrogen. The support
was removed and the brain was positioned in the Leica CM1900 cryotom (Leica
Microsystems, Mannheim, Germany). A section depth of 30 pum was chosen and
brains were cut. Finally, sections were transfered into PBS supplemented with 25%

glycerol and 25% ethylenglycol and stored at - 20°C.

2.2.12 Immunohistochemistry

Brain sections for immunohistochemistry were prepared as described in Section 2.2.11.
For immunostainings, brain sections were washed three times in PBS, to remove
glycerol and permeabilized in PBS with 0.5% Triton for 2 to 24 h. Afterwards,
sections were incubated 1 h in 10% blocking solution (see Section 2.2.13), to reduce
unspecific binding of antibodies (see below). Brain section were incubated with ap-
propriate dilutions of primary antibodies (see Section 2.1.2) in 10% blocking solution
for 1 h (RT) or 16 h (4°C) respectively. After three washing steps of 10 min in PBS,
the appropriate secondary antibodies were added (dilution 1:2000 in 10% blocking

solution) and sections were incubated for 1 to 4 h at RT. Excess antibody was re-
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moved by three washing steps in PBS at RT and sections were mounted onto glas
slides. After drying of sections, Mowiol mounting medium (see below) was added
and sections were covered with glas coverslips. The immunhistological stainings for
MFGES were performed by Hannes Treiber, Max Planck Institute for Experimental
Medicine, 37075 Gottingen, Germany.

Blocking Solution (100%)

2.0 mLL  Fetal Calf Serum

2.0 mL  Bovine Serum Albumine
2.0 g Fishgelatine

filled up to 100 mL with PBS.

MOWIOL (100 mL)

2.4 g Mowiol (Calbiochem/Merck KGaA, Darmstadt, Germany)

6 g Glycerol

6 mL. H,O
were mixed and incubated at RT for 2 h with agitation. After addition of
12 mL 0.2 M Tris/HCI (pH 8.5),
the mixture was heated at 50°C for 10 min.
The solution was cleared by centrifugation at 5000x g for 15 min and

24 mg DABCO reagent was added per mL of medium.

2.2.13 Immunocytochemistry

Immunocytochemistry was performed as described earlier in [210]. In brief, cells on
coverslips were fixed for 10 min at RT with 4% PFA in PBS, followed by three wash-
ing steps in PBS. The cells were permeabilized with 0.1% Triton X-100 for 1 min
at RT, then washed three times in PBS and 100% blocking solution was added to
reduce unspecific binding of antibodies (Section 2.2.12). The cells were incubated
with the primary antibodies in appropriate dilution in 10% blocking solution for
1 h at RT and washed three times for 5 min with PBS (see Section 2.1.2). Subse-
quently, cells were incubated with the secondary antibodies in required dilution in
10% blocking solution, washed three times in PBS and mounted in Mowiol mounting

medium (see Section 2.2.12).
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2.2.14 Microscopy and image processing
Two photon in vivo imaging of microglia

For the in vivo analysis of exosome internalization, two-photon laser scanning fluo-
rescence microscopy was applied. This technique developed in the late 20" century
permits imaging of tissues within the living animal. While imaging, two photons of
comparably low energy excite one single fluorophore permitting the excitation of a
very small focal volume. Thereby, two-photon microscopy combines the advantage
of a focused excitation with a low background signal and low cytotoxicity [211].

In this study, in vivo experiments were carried out with CX3CR1/EGFP-transgenic
mice [111] at ages between 70 d and 120 d. General anesthesia was initiated by
pentobarbital sodium i.p and continued with methohexital sodium (i.v.). Body tem-
perature and electrocardiogram were monitored throughout the experiment. Spinal
cord segments L4 and L5 were exposed by laminectomy of L1 and L2 spines for imag-
ing of the dorsal white matter. To avoid movement caused by active respiration,
the mice were paralyzed with pancuronium bromide. The spinal column was rigidly
fixed by custom-made clamps and the dura mater was carefully removed. A region
of interest was selected and a microcapillary positioned. With a delay of 30 to 60
minutes, PKH26-labelled exosomes derived from 1.5x10° Oli-neu cells were injected
into the respective area. In vivo-imaging was performed by a custom-made 2P-LSM
equipped with a fs-pulsed titanium-sapphire laser (Chameleon Ultra II; Coherent,
Glasgow, UK) and a Zeiss 20x /1.0 water immersion objective. Uniformly spaced
(2 pm ) planes of 250x250 to 500x500 um regions of the spinal dorsal columns
were recorded and processed to obtain z-stacks of images (512x512 pixels in size).
Image processing was performed using Matlab (version 7, MathWorks, Ismaning,
Germany) and ImageJ 3. The in vivo imaging of microglia was performed by Payam
Dibaj, Department of Neurology, University of Gottingen, 37075 Gottingen, Ger-

many.

3http://rsbueb.nih.gov/ij


http://rsbweb.nih.gov/ij

2.2 Methods 48

Confocal microscopy

For the subcellular localization of exosomes in microglia, laser scanning confocal
microscopy was used, which was originally developed by M. Minsky in the middle of
the 20" century [212]. Due to the laser light excitation and pinhole-based rejection
of the off-focus light, confocal microscopy provides higher resolution images with
less background than conventional light microscopy [213]. Confocal microscopic
images were acquired with Leica DMIRE2 microscope and a Leica TCS SP2 AOBS
confocal laser scanning setup (Leica Microsystems, Mannheim, Germany) or with a
Zeiss LSM 510 confocal microscope (Zeiss, Jena, Germany). 40x, NA 1.25 or 63x,
NA 1.4 oil plan-apochromat objectives (Leica Microsystems, Mannheim, Germany)
or 40x or a 63x oil-immersed objective (Zeiss, Jena, Germany) were used for image
acquisition. For live cell imaging, temperature control was applied to the microscope
setup (see Section 2.2.5). Images were processed and analyzed with ImageJ*. To
estimate colocalization of two proteins by immunocytochemistry, both proteins were
detected with antibodies coupled to distinguishable fluorophores. Each color channel
was imaged separately and colocalization was determined using the colocalization
module of Meta Imaging Series 6.1 software (Universal Imaging Corporation, West
Chester, PA, USA).

Electron microscopy

For electron microscopy analysis, exosomes were purified, fixed with 2% paraformalde-
hyde and adsorbed to glow-discharged formvar-carbon-coated nickel grids. The sam-

ples were post-fixed for 2 min with 1% glutaraldehyde and stained with annexin-V

(Sigma-Aldrich) and immune-gold-labelled. Observations were made with an elec-

tron microscope (Leo EM912AB; Zeiss), and images were aquired using an on-axis

2048x2048 charge-coupled device camera (Proscan; Schering). The Electron Mi-

croscopy was performed by Wiebke M6bius and Giselheid Schulz, Max Planck In-

stitute for Experimental Medicine, 37075 Gottingen, Germany.

4http:/ /rsb.info.nih.gov /ij/



Chapter 3

Results

3.1 Exosomes are released by oligodendrocytes

In this study we focused on the functional analysis of oligodendroglial exosomes,
that had been previously identified by us and other groups [4-6]. Besides exosomal
proteins common to exosomes derived from different cell types, exosomes contain
proteins highly specific for their parenting cell [33, 44, 45]. Therefore, we started the
project by analyzing the composition of exosomes released by the oligodendroglial

cell line, Oli-neu, and by primary oligodendrocytes of new born rats in witro.

3.1.1 Isolation and characterization of oligodendroglial exosomes

For the isolation of oligodendroglial exosomes we used a protocol combining a series
of centrifugation steps with increasing centrifugal forces. After collecting exosomes
in the respective cell culture medium, several centrifugation steps were applied to
remove cell debris, followed by final pelleting of vesicles at 100,000xg. This final
pellet has been previously shown to contain small vesicles of 50 to 100 nm in size,
resembling the vesicle diameter of exosomes [5]. In addition, Western blot analysis
of the 100,000x g pellet, isolated from rat primary oligodendrocytes, revealed the
abundance of exosomal marker proteins flotillin-2 and alix. Furthermore, major
myelin proteins proteo-lipid protein (PLP) and myelin oligodendrocyte glycoprotein

(MOG) were also detected, whereas calnexin as a marker protein for vesicles derived
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Figure 3.1: Exosomes of rat primary oligodendrocytes contain exosomal marker
and major myelin proteins.

Exosomes were isolated from the culture medium of mature rat oligodendrocytes primary
cultures by sequential centrifugation steps. The cell lysate (CL; 1/20 of the total lysate)
and the exosome fraction 100,00 xg pellet (P100) were analyzed by Western blotting for
the presence of myelin oligodendrocyte glycoprotein (MOG), proteo-lipid protein (PLP),
flotillin-2, alix and calnexin.

from the endoplasmatic reticulum was absent from the 100,000xg pellet (see Fig-

ure 3.1).

Sucrose gradient analysis of the 100,000xg pellet

To verify the accuracy of our purification method, we also analyzed the 100,000x g
pellet collected from the mouse oligodendroglial cell line Oli-neu on a continuous
sucrose gradient. In addition to the sequential centrifugation, this method permits
the separation of vesicles according to their density [13] (see Figure 3.2). West-
ern blot analysis illustrated, that fractions corresponding to the appropriate density
of exosomes (1.15 to 1.19 g/mL sucrose) contained exosomal marker proteins alix,
Tsgl01 and flotillin-2. Moreover, fractions of exosomal density derived from tran-
siently transfected Oli-neu cells additionally contained myelin proteins PLP and

MOG. The lack of calnexin signals in fractions of 1.18 to 1.25 g/mL indicated that



3.1 Exosomes are released by oligodendrocytes 51

fractions: g/cm? sucrose
1.03 107 111 115 12 123 126 1.32 lysate

I ‘l calnexin
| - | Tsg101

] B I alix

] . | flotillin-2
[ —— | PLP

| - — | MOG

Figure 3.2: Exosomes of the oligodendroglial cell line Oli-neu contain typical exo-
somal marker proteins.

Exosomes were purified from the culture medium of the oligodendroglial precursor cell
line Oli-neu by sequential centrifugation steps with increasing centrifugal forces up to
100,000xg. The 100,000xg pellet was loaded onto continuous sucrose density gradi-
ents and centrifuged for 16 h. Fractions of equal volume were collected and further cen-
trifuged at 100,000xg. The pellets thus obtained were subjected to Western blot analysis.
After transient transfection of the cells, PLP and MOG are recovered from fractions with
the characteristic density of exosomes that contain the exosomal marker proteins, alix,
Tsg101 and flotillin-2.

we were able to exclude ER-derived vesicles from the exosome preparation [13].

3.1.2 Quantitative analysis of oligodendroglial exosome release

To follow the fate of exosomes once they leave the parenting cell, we were interested
in how much material leaves the cell through the exosomal pathway. To address this
question we pulsed Oli-neu cells and primary oligodendrocytes with S3°-Met /-Cys
for 1 h and followed the release of labeled proteins via exosomes in comparison to
cellular degradation for a time span of 24 h (Figure 3.3). While the majority of
cellular proteins were degraded within the cell, 3.6% (Oli-neu cells) to 4.7% (pri-
mary oligodendrocytes) of proteins synthesized during 1 h of radioactive pulse were

released within 24 h via the exosomal pathway.
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Figure 3.3: Quantitative analysis of exosome release by oligodendrocytes.

Oli-neu cells (A) or primary oligodendrocytes (B) were pulsed with S3°-Met/-Cys for 1 h
and cells were chased for 24 h. Cells lysates, medium and exosomes were collected at
time points 0 h and 24 h, respectively and radioactive decay was measured. Up to 4.7 %
of cellular proteins synthesized during 1 h of pulse were found in the exosomal fraction
after 24 h.

3.2 Exosomes are specifically internalized by microglia

3.2.1 Internalization of oligodendrocyte-derived exosomes by mi-
croglia

To follow the fate of exosomes, purified Oli-neu cell line exosomes were labeled with
the lipophilic dye PKH67 and incubated with primary cultures of mouse oligodendro-
cytes, astrocytes, cortical neurons and microglia. After 2 h incubation at 37°C, cells
were fixed and analyzed by confocal microscopy. The results showed that exosomes
were mainly internalized by microglia, while almost no exosomes were found inside
or attached to the surface of oligodendrocytes, astrocytes or neurons (Figure 3.4).
Furthermore, confocal analysis revealed that exosomes were not attached to the
plasma membrane, but were indeed internalized by microglia. We found that exo-

some co-localize with Lamp-1, a resident protein of the late endosomes/lysosome,
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Figure 3.4: Oligodendroglial exosomes are selectively internalized by microglia.
Purified exosomes (100,000xg pellet) were labeled with the dye PKH67 and added to
primary cultures of mouse oligodendrocytes, astrocytes, cortical neurons and microglia.
After incubation with exosomes for 2 h at 37°C, cells were fixed and analyzed by con-
focal microscopy. Oligodendrocytes, astrocytes, neurons and microglia were recognized
by staining with antibodies against GalC (O1), GFAP, 33-tubulin and Iba1, respectively.
Exosomes were taken up by Iba1-positive microglia. Scale bars, 20 um .

confirming that exosomes are internalized and transported to functional subcom-
partments within the cell (Figure 3.5). Similar results were obtained with exosomes

isolated from rat primary oligodendrocytes (see Figure 3.6).

To exclude the passive diffusion of PKH67 dye into the plasma membrane of
microglia, we confirmed our previous findings using multiple approaches. To rule

out diffusion, we labeled the 100,000x g pellet with PKH67 and incubated the exo-
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PLP-GFP

Figure 3.5: Oligodendroglial-derived exosomes are transferred to late endo-
somes/ lysosomes. Exosomes were purified from Oli-neu cells expressing PLP-GFP
or from wild-type cells and subsequently labeled with the lipophilic dye PKH67 or through
the crosslinking of carboxytetramethylrhodamine (TAMRA) to proteins of the exosomal
membrane fraction. PLP-GFP positive or fluorescent labeled exosomes were added to
primary microglia cultures and incubated for 2 h at 37°C. For microscopic analysis, mi-
croglia were visualized using Iba1 antibody. Internalized exosomes colocalize with Lamp-
1, a marker for late endosomes/lysosomes in primary microglia. Scale bar, 10 um .

some suspension with living or PFA-fixed primary microglia cultures. After 1 h of
incubation we detected internalization of exosomes into the living cells. However,
we did not find any PKH67 staining on PFA-fixed microglia (see Figure 3.7). Fur-
thermore, we used alternatively labeled exosomes. In this approach, the 100,000xg

pellet was labeled by cross-linking of carboxytetramethyl-rhodamine (TAMRA) to
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Figure 3.6: Exosomes of rat primary oligodendrocytes are internalized into pri-
mary microglia. Exosomes from primary cultures of mature rat oligodendrocytes were
purified, labeled with PKH67 (green) and incubated with microglia labeled with Iba1 (red)
at 37°C for 1 h. Scale bar, 10 um

the exosomal proteins. After removal of unbound dye, the exosomes were incubated
with primary microglia. Again, we found that exosomes were internalized and trans-
ported to the late endosomal/ lysosomal compartment of the cell (see Figure 3.5).
Similar results were obtained with PLP-GFP positive exosomes purified from tran-
siently transfected Oli-neu cells (see Figure 3.5). Finally, we labeled the 100,000xg
pellet with PKH67 and further purified the comprised vesicles on a sucrose gradi-
ent. All the fractions covering a density from 1.18 to 1.25 g/mL were recovered,
diluted and enclosed vesicles were collected by ultracentrifugation. After pelleting,
the fractions were used for internalization assays. Microscopic analysis revealed that
the majority of internalization was found from fractions with the characteristic ex-
osomal density, thereby excluding non-specific transfer of dye to microglia due to

aggregation or differently sized vesicles (see Figure 3.8).
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control

|}
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Figure 3.7: The lipophilic dye PKH67 does not diffuse into the plasma membrane
of microglia. Exosomes were purified, labeled with PKH67 (green) and incubated either
with living or with PFA fixed primary microglia cultures (Iba1, red) for 1 h at 37°C. PKH67-
labeled exosomes do not transfer the dye to fixed cells. Scale bar, 10 um .



3.2 Exosomes are specifically internalized by microglia 57

Figure 3.8: Internalization pattern of sucrose-gradient purified vesicles in microglia
is identical to exosomes. Culture medium of Oli-neu cells were subjected to sequential
centrifugation steps with increasing centrifugal forces up to 100,000xg. The 100,000xg
pellet was labeled with PKH67 and loaded onto a sucrose gradient (densities 1.03 to
1.32 g/ cm?). After 16 h of centrifugation, fractions were collected, comprised vesicles
pelleted at 100,000 xg and resuspended in 100 uL PBS. 60 uL of each fraction was added
to primary microglial cultures and incubation continued for 2 h at 37°C. Cells were visual-
ized for PKH67 (green) and Ibai (red). The densities of the sucrose gradient fractions are
indicated. The majority of uptake occurred from fractions with the characteristic density
of exosomes. Scale bar, 10 um .
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Figure 3.9: Exosomes are specifically cleared by microglia but not by astrocytes.
(A) The oligodendroglial cell line Oli-neu stably expressing PLP-myc-EGFP was (co) cul-
tured with or without the microglial cell line EOC-20 for 24 h. Exosomes were subse-
quently isolated from the culture medium and the amount of PLP-myc-EGFP determined
by Western blotting with primary antibodies against the myc epitope. Equal amounts of
proteins (20 pg ) from the cell lysates were loaded onto the gel. In the presence of mi-
croglia, a significant reduction of PLP-myc-EGFP in the culture medium was observed.
Values are given as mean */_ SD (n=3). (B) Culture medium of mature primary oligo-
dendrocyte cultures was added to dishes without cells (no cells) or to an equal number
of primary microglia or astrocytes (two independent experiments as shown). After 8 h of
incubation, exosomes were purified from the culture medium and the amount of PLP was
determined. After co-culture with primary microglia, less PLP was found in the medium
and more PLP accumulated in the microglial cell lysate, as compared to cultures with
primary astrocytes. Only a fraction (1/5) of the total culture medium was loaded on to
the gel. Values are given as the mean */_ SD; n=3. (C) To analyze whether exoso-
mal PLP-myc is degraded after its uptake in microglia, we added purified exosomes to
primary microglia, allowed uptake to occur for 4 h and harvested the cells after 4 and
10 h. PLP-myc signals on the Western blot were detected using anti-myc antibodies.
PLP decreases with time in the microglial cell lysate. Two independent experiments are

shown.
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We verified our microscopic findings in continuative biochemical experiments.
Oligodendroglial and microglial cell lines were cultured together for 24 h, and then
the amount of exosomes in the cell culture medium was determined. In co-cultures of
Oli-neu cells stably expressing PLP and the microglial cell line EOC-20, we observed
that PLP-positive exosomes were efficiently cleared from the cell culture medium
(see Figure 3.9, A). In similar experiments with primary cells, we collected exo-
somes in the supernatant of oligodendrocyte cultures, cleared cell debris from the
medium by centrifugation (once at 3,000 x g and twice at 4,000xg) and incubated the
medium with primary cultures of microglia and astrocytes. After 8 h, we collected
the medium, purified exosomes and accessed the amount of exosomal PLP (see Fig-
ure 3.9, B). We could show that in the presence of microglia, PLP-positive exosomes
were cleared from the medium and that oligodendroglial PLP is additionally found
in the cell lysate of microglia. In a striking contrast, we did not find any differences
in the amount of exosomes in the medium after incubation with astrocytes nor did
we find PLP in the respective cell lysate. Interestingly, an estimation of the exo-
somal uptake efficiency by microglia revealed, that 3x10° primary microglia were
capable of clearing 40% of PLP-positive exosomes produced by 1.5x10° primary
oligodendrocytes within 8 h.

Finally, we determined whether exosomal PLP is degraded by micoglia. Therefore,
we added purified exosomes to primary microglia cultures, allowed internalization
to occur and harvested the cells at different time points. The results showed that

PLP is continuously degraded by microglia over time (see Figure 3.9, C).
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3.2.2 Exosomes are internalized by microglia in vivo

Taken together, the in vitro data clearly illustrated, that oligodendroglial membrane
components are transfered by exosomes to microglia. In the next step, we wanted to
affirm these findings by showing the internalization of exosomes by microglia in vivo.
For these experiments we used transgenic mice with insertion of the enhanced green
fluorescent protein (eGFP) into the Cx3crl locus, resulting in a specific expression of
eGFP in the resident microglia of the CNS [214]. Exosomes were labeled and injected
into the spinal cord. After 30 min, images were acquired by two-photon microscopy
for a time span of 60 min. The time lapse imaging series shown in Figure 3.10 (A)
revealed that exosomes were indeed internalized by eGFP-positive microglia and
transported along cellular processes towards the cell body. In addition, exosomes
were found in Lamp-1 positive organelles of the microglia (see Figure 3.10, B), as it
was also observed in cell culture experiments in vitro. In total, approximately 50% of
the eGFP-postive microglia at an approximate distance of 400 pym from the injection
site showed co-localization with exosomes, thereby confirming that microglia possess

exosome clearing activity.
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Figure 3.10: Exosomes are internalized by microglia in vivo. (A) Purified oligoden-
droglial exosomes were labeled with the dye PKH26 (red) and injected into the spinal
cord of anesthetized CX3CR1/GFP mice. Time lapse imaging was performed by two-
photon microscopy. The boxed area in the left image is shown as a time lapse series.
Fluorescently labeled exosomes moving into and within microglia are indicated by arrows
at different time points. The elapsed time after injection of exosomes (post-injection, pi)
is shown in the images. Scale bars, 10 um . (B) Immunohistochemistry of spinal cord
sections of CX3CR1/GFP mice injected with PKH26-labeled exosomes (red) two hours
before perfusion. Confocal microscopy images of microglia expressing EGFP and inter-
nalized exosomes. Sections were stained for LAMP-1 (cyan). Scale bar, 10 um .
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3.3 Microglia internalize exosomes by macropinocyto-
sis

3.3.1  Which endocytic pathway conveys exosome internalization
by microglia?

Microglia, as well as other mammalian cell types, exhibit various endocytic path-
ways. Among them are phagocytosis, exclusively found in macrophages, and a group
of pinocytotic mechanisms, including clathrin- or caveolin-mediated endocytosis and
macropinocytosis [175]. The coordinated action of deforming the plasma membrane
and the scission of these intermediates from the plasma membrane requires an in-
terplay of proteins, which are diverse and characteristic for each of the distinct
endocytic pathways. To define the entry pathway of exosomes into microglia, we
treated the cells with various pharmacological inhibitors. All inhibitors were directed
against proteins involved in the endocytic pathways. In these extensive studies, we
tested the influence of dynasore, inhibiting the GTPase activity of dynamin [215]
and NSC23766, a small molecule inhibitor of Racl-GTPase [216]. Furthermore, we
analyzed the influence of cytochalasinD, which interferes with the polymerization
of the actin cytoskeleton [217]. Moreover, we tested amiloride, which blocks the
Na®/H* exchanger of the lysosomal compartment [218]. After performing exosome
internalization assays in presence of above mentioned drugs, we observed a clear
reduction in the exosomal uptake (see Figure 3.12). These findings are consistent
with a macropinocytotic mechanism. Since, functional acidification of the lysosomal
compartment is crucial for macropinocytosis, we treated microglia further with al-
kalizing drugs bafilomycin A, monensin and chloroquine [219, 220]. Treatment with
each of these drugs resulted in a significant inhibition of exosome internalization
(see Figure 3.12, B). During macropinocytosis, different modes of macropinosome
formation have been described [221]. Both lamellipodia-like ruffles and blebbing are
known to be the initial steps of macropinocytosis. We tested the latter, by inhibiting
of blebbing through blebbistatin, an inhibitor of myosinlI-dependent blebbing [221],

but did not observe any influence on exosome internalization (Figure 3.12).
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Figure 3.11: Macropinocytosis of exosomes, visualized by live cell imaging of mi-
croglial EOC cells. Purified exosomes labeled with PKH67 (green) were incubated
with EOC-20 cells labeled with WGA (red) and examined by confocal live microscopy
at 37°C. An image sequence spanning 76 s showing engulfment of exosomes by large
lamellipodia-like ruffles is displayed. Scale bar, 1 um .

Furthermore, we performed live imaging of exosome internalization (see Fig-
ure 3.11). We incubated purified exosomes with the microglial cell line EOC-20 and
observed exosome internalization with initial formation of membrane protrusions.
Exosomes were observed to be enclosed by large lamellipodia-like ruffles and were
finally engulfed by the cell. Consistent with the lack of inhibition of exosome inter-
nalization by blebbistatin, we did not observe blebbing on the plasma membrane of

the microglia.
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Figure 3.12: Microglia internalize exosomes via macropinocytosis. Purified exo-
somes from the oligodendroglial cell line Oli-neu were labeled with the dye PKHE7 (green)
and incubated for 2 h at 37°C together with the microglial cell line EOC-20. Cells were
incubated with the indicated inhibitors (dynasore, chloroquin, monensin, bafilomycin,
NSC23766, cytochalasinD, amiloride, blebbistatin) for 30 min prior and during the 2 h in-
cubation. Cells were subsequently fixed, stained with rhodamine-conjugated wheat germ
agglutinin (WGA) (red) and uptake was determined by confocal microscopy and image
analysis. Changes in exosome internalization were quantified from three independent ex-
periments. Values represent means */_ SEM (n.s., not significant; *p<0.05; **p<0.01;
***n<0.001).
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Figure 3.13: Microglia internalize exosomes independently of phagocytic recep-
tors. Purified exosomes were incubated with EOC-20 cells together with the indicated
substances for 30 min before and during the two hours of incubation. Exosome uptake
was determined by microscopy and image analysis. Treatment with fucoidan (FU), N-
acetyl-D-glucosamine (AG), D-mannosamine-hydrochloride (MA), a combination of AG,
MA and FU, the peptide -GRGDSP- (RGD), and the LDL-receptor-related protein asso-
ciated protein 1 (LRPAP1) did not influence the internalization of exosomes. Values are
given as means */_ SEM (n=3; n.s., non significant.)

3.3.2 Is the internalization of exosomes receptor dependent?

To study the involvement of receptors during internalization of exosomes, we used
specific inhibitors of known microglial cell surface receptors (see Figure 3.13). Fu-
coidan inhibits both scavanger receptor class A and B interactions [222], but did
not influence the exosome internalization by microglia. Since lectins have been
described as receptors in phagocytosis [223], we tested specific antagonists man-
nosamine and N-acetylglucosamine alone or in combination with Fucoidan. None of
these compounds affected the internalization, either alone or in combination. Like-
wise, incubation of microglia with RAP/LRPAP1 that is blocking the uptake via
the low-density lipoprotein receptor revealed no influence. Moreover, the RGD-
peptide antagonizing the integrin-mediated internalization also had no effect (see
Figure 3.13). Consistent with these findings, we did not detect a significant binding

of exosomes to the surface of microglia at low temperature (see Figure 3.14). The
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Figure 3.14: Exosomes do not show tethering on the plasma membrane of mi-
croglia at 4°C. Exosomes were purified, labeled with PKH67 (green) and incubated with
primary microglia either at 4°C or at 37°C for 1 h. After washing three times with PBS,
cells were fixed and stained for Iba1 (red). Scale bar, 10 um .

data supports our conclusion that exosome internalization is based on macropinocy-

tosis, since it does not depend on a close interaction of cargo with the receptor.

3.3.3 Uptake of exosomes is reduced in the presence of phos-
phatidylserine containing liposomes

The lipid phosphatidylserine, normally found in the inner leaflet of the plasma mem-
brane is one of the key players during phagocytosis of apoptotic bodies [224]. In case
of apoptotic cell death, this lipid gets actively exposed to the extracellular space and
is recognized by phagocytes prior to phagocytotic clearance [155, 156].

Previous studies have shown an enrichment of phosphatidylserine in the exosomal
membrane, which is facing the extracellular environment [201, 225, 226]. To ver-
ify these observations, we purified exosomes and confirmed the exposure of phos-
phatidylserine by annexin-V labeling using electron microscopy and flow cytometric

approaches (see Figure 3.15 A, B).
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Figure 3.15: Uptake of exosomes is reduced in the presence of phosphatidylserine-
containing liposomes. (A) Surface-exposed phosphatidylserine (PS) was detected with
annexinV-biotin and streptavidin-coupled gold particles on purified primary exosomes by
electron microscopy. Scale bar, 200 nm. (B) Exosomes were bound to the surface of la-
tex beads, either stained or not with annexin-V and analyzed by flow cytometry. (C) Lipo-
somes containing phosphatidylcholine (PC) or a mixture of phosphatidylcholine and phos-
phatidylserine (PC/PS) were coincubated with exosomes and EOC-20 cells for 2 hours
and uptake of exosomes was quantified. Values are given as the mean */_ SEM (n=3;
*p<0.05, **p<0.01).

To test the implication of phosphatidylserine in the internalization event of ex-
osome uptake, we prepared liposomes either containing a mixture of phophatidyl-

choline and phosphatidylserine or phosphatidylcholine alone. We found, that high
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concentrations of liposomes containing phosphatidylcholine significantly reduced ex-
osome internalization. Liposomes comprised of a mixture of phosphatidylserine and
phosphatidylserine, however, lead to a considerably higher decrease of exosome in-
ternalization (see Figure 3.15, C). These observations illustrate that exosomes com-
pete with liposomes for their macropinocytic uptake, while this competition is more

efficient if liposomes contain phophatidylserine.

3.3.4 Exosome internalization is increased in presence of recom-
binant milk-fat globulin E8

Previous studies on exosomal composition showed that exosomes contain the protein
MFGES, a soluble molecule that binds to phosphatidylserine (PS) and acts as a
bridging molecule linking PS to phagocytic receptors [33, 44, 227]. To analyze
the expression of MFGES in the CNS we stained brain sections of adult NMRI mice
with antibodies directed against glial marker proteins, as well as MFGES. We found
that MFGES signals partially colocalized with astrocytic marker protein GFAP (see
Figure 3.16).
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Figure 3.16: MFGES is expressed by astrocytes in the murine brain.

Sections of adult NMRI mice were immunolabeled for glial marker proteins Ibal, GFAP
and Olig2 (green) as well as for MFGES (red). Images taken of the corpus callosum show
MFGES signal partially colocalizing with the astrocytic marker GFAP, while no colocaliza-
tion was observed with microglia marker Iba1 and oligodendroglial marker Olig2. Arrows
indicate cells which colocalize with MFGES signal. Scale bar, 10 um .

To study the influence of MFGES on exosome internalization, we labeled purified
exosomes with PKH67 (green) and incubated them with recombinant mouse MFGES
protein for 10 min before incubating them with EOC-20 cultures. Microscopic anal-
ysis revealed that the presence of recombinant MFGES significantly increased the

amount of internalized exosomes in vitro (see Figure 3.17).
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Figure 3.17: Recombinant MFGES8 facilitates exosome internalization into mi-
croglia. Exosomes were purified, labeled with PKH67 (green) and incubated with
100 ng/mL recombinant mouse MFGES8 protein for 10 min before addition to EOC-20
cultures on coverslips and further incubation in a humid chamber for 2 h at 37°C. Cells
were washed with PBS, fixed and stained with WGA (red). Exosome uptake was de-
termined by microscopy and image analysis. Exosome internalization was increased in
presence of recombinant MFGES8. Values represent means */_ SEM of three indepen-
dent experiments.

3.3.5 Fluid phase uptake versus phagocytosis - Internalization of
dextran and myelin

We continued to characterize the exosome internalization pathway by comparing it
to the internalization of fluid phase marker dextran and purified myelin. While it
is widely appreciated that dextran is internalized by macropinocytosis, myelin is
described to be cleared by phagocytosis [207, 221, 228]. To characterize the distinct
pathways, we purified and labeled exosomes and incubated them with FITC-dextran
and primary microglia. After 10 min we observed partial co-localization of exosomes
and FITC-dextran, while the majority of dextran and exosome signals showed seg-
regated, vesicular distribution within the cell (see Figure 3.18). Quantification re-

vealed that 9.5% of dextran-positive vesicles were also positive for exosomes, while
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Figure 3.18: Exosomes and rhodamine-dextran are partially co-internalized by mi-
croglia. Exosomes were purified from the oligodendroglial cell line, Oli-neu, labeled with
the dye PKH67 (green) and incubated together with rhodamine-dextran (red) for 10 min at
37°C on primary microglial cultures. For microscopic analysis, microglia were visualized
using lba1 antibody (cyan). Exosomes partially co-localize with the fluid phase marker
rhodamine-dextran. Internalization was quantified from 3 independent experiments. Val-
ues are given as means.

25.8% of exosome-positive vesicles were additionally positive for FITC-dextran. Fur-
thermore, we compared exosome internalization to myelin phagocytosis. We purified
myelin from adult NMRI mice and confirmed its purity by Western blot analysis.
These experiments revealed the abundance of mayor myelin protein PLP, while
marker proteins of other glial cell types (Ibal and GFAP) and cell organelles were
absent. Only the presence of SIII-Tubulin revealed a slight contamination with neu-
ronal components (see Figure 3.19). After crosslinking of FITC to myelin proteins,
we performed internalization assays on microglial cells. As for oligodendroglial exo-
somes, we were able to detect internalization of FITC-myelin by microglia, verified
by PLP co-stainings and transport of myelin to the late endosome/ lysosome (see
Figure 3.19, B and Figure 3.20). Co-internalization studies with FITC-myelin and
PKH28 labeled exosomes revealed a partial co-localization after internalization by
microglia (see Figure 3.21). Whether the uptake occurs by different pathways that

conveys into the same population of lysosomes remains to be elucidated.
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Figure 3.19: Microglia internalize FITC-labeled myelin. (A) Myelin was isolated from

8Ll

eight weeks old NMRI mice brains and 3 g myelin (M) or 1 uL brain lysate (BL) were
loaded onto the gel. Myelin protein composition was analyzed by Western blot with
antibodies recognizing calnexin, PLP, synaptophysin, CNP, Iba1, GFAP, §llltubulin and
GM130. (B) Myelin was isolated as shown in A and covalently labeled with fluorescein-
isothiocyanate (FITC). 1 to 2 ug of FITC-myelin (green) were incubated with primary
microglial cultures for 2 h at 37°C, cells were fixed, permeabelized and stained with mi-
croglial marker Iba1 (red) and antibodies against major myelin protein PLP (3F4,cyan).
FITC-myelin was internalized by microglia and co-localized with myelin protein PLP. Scale
bars, 20 ym .
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Figure 3.20: Internalized FITC-myelin is found in the late/endosomal compartment
of microglia. 1 to 2 ug of FITC-myelin (green) were incubated with primary microglial
cultures for 2 h at 37°C. Cells were fixed and permeabelized. Microglia were recognized
with Iba1 (red) and the late endosome/ lysosome with antibodies against Lamp-1. FITC-
myelin was internalized by microglia and transported to the late endosome. Scale bars,
20 ym .
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Figure 3.21: Exosomes and FITC-myelin partially co-localize after internalization
by microglia. Exosomes of 1x10° Oli-neu cells were purified, labeled with PKH28 (red)
and incubated together with 1 ug of FITC-myelin (green) on primary microglial cultures
for 2 h at 37°C. After fixation, cells were stained with microglial marker Iba1 (cyan). Exo-
somes and FITC-myelin partially co-localize after internalization by microglia. Scale bars,
20 ym .
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3.4 Exosome uptake occurs in an immunologically silent

manner.

Recent studies by Nimmerjahn and colleagues have clearly demonstrated that the
previously used term "resting” microglia in an uninjured brain does not reflect any-
more the active role of microglia in the surveillance of the central nervous system
(CNS) [111]. While the cell body may remain fixed in location, microglial pro-
cesses were shown to continuously sample the brain parenchyma [111]. However,
in response to injury or pathogens, microglia respond with integrative signaling
pathways associated with the production and release of pro-inflammatory and anti-
inflammatory cytokines and chemokines [117, 229, 230].

To analyze whether the contact or internalization of exosomes leads to a change
of the "surveying status” of microglia, we tested the release of immunoregulatory
mediators by microglia. In this experiment, we incubated primary microglia with
different concentrations of exosomes and accessed the release of several prominent
cytokines and chemokines via ELISA (see Figure 3.22). The results showed that
important pro-inflammatory cytokines (TNFa, IL-6 and IL-12) were not induced
after internalization of exosomes, while incubation with lipopolysaccharide lead
to a robust induction (see Figure 3.22, A). Similar results were obtained for the
pro-inflammatory chemokine KC, while the anti-inflammatory cytokine IL-10 re-
lease remained also unaffected (Figure 3.22, B). Interestingly, the release of both
chemokines MIP1a and RANTES was slightly induced, but only in response to high
exosome concentrations and compared to LPS to a much lower degree (Figure 3.22,
C). Remarkably, also the LPS induced release of pro-inflammatory cytokines and

chemokines was not influenced by the addition of exosomes.
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Figure 3.22: Exosomes do not lead to pro-inflammatory nor anti-inflammatory cy-

tokine release of microglia. Purified exosomes (from 2x107 cells, resuspended in

100 pL PBS; diluted as indicated) were incubated with primary cultures of microglia

(15,000 cells/well) in the presence or absence of LPS (100 ng/mL) for 16 h and the cyto-

and chemokine release profile was determined by ELISA. Exosomes induce a slight re-

lease of MIP1a and RANTES, but do not change the cytokine profile of microglia. Data

are means */_ SEM of triplicates of two independent experiments.
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Figure 3.23: Exosomes do not alter IFN+y induced MHCII expression of microglia.
Cell culture medium alone or containing either purified exosomes or IFN~ was added to
microglial cultures. Mayor histocompatibility complex Il (MHCII) expression was deter-
mined on the surface of microglia by flow cytometric analysis analysis.

In addition to these findings, we found that injection of labeled exosomes into the
central nervous system of Cx3crl/eGFP mice did not induce morphological changes
of microglial cells, as observed with two-photon microscopy (data not shown). More-
over, cells did not enforce their motility towards the injection site, as described for
a laser lesion set in the spinal cord [111]. Beside the influence of exosomes on the
release of immunoregulatory molecules, we tested whether exosomes change the ex-
pression status of major histocompatibility complexes (MHC) class I1. After stimula-
tion with exosomes for 24 h, we did not see an induction of MHCII, while stimulation
with IFN~ resulted in an upregulation of MHCII expression in microglia as shown
by flow cytometric measurements (see Figure 3.23). Overall we concluded, that ex-
osome treatment and internalization by microglia did not change their activation
status.

Since oligodendrocyte derived exosomes contain myelin proteins like PLP and
MOG, they might carry potential candidate antigens implicated in the autoimmune

response of multiple sclerosis [231, 232]. To test whether exosomes can transport
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antigens to microglia for presentation to CD41 T cells, we used MOG-specific TCR-
transgenic mice [208]. These mice show expression of a T cell receptor recognizing
the MOG aa35-55 peptide. For the experiment, primary microglia were stimulated
with IFNv and treated with MOG, MOG aa35-55 peptide or with MOG-positive
exosomes. After addition of CD41 T cells, cells were incubated for five days before
analysis. The activation of MOG-specific CD41 T cells was measured by the release
of IL-2 into the culture medium (see Figure 3.24).

We found that unstimulated microglia treated with high doses of MOG aa35-55
peptide were not capable of CD4" T cell activation (see Figure 3.24). However,
treatment of unstimulated antigen presenting cells, in this case splenocytes, resulted
in a strong IL-2 release (see Figure 3.24, B). Strikingly, after stimulation of microglia
with IFN~y before adding MOG aa35-55 peptide, a significant release of IL-2 was
detected, which was comparable to the T cell response to splenocytes. A similar
release was found when recombinant full length MOG was added to IFN+~ stimulated
microglia (see Figure 3.24, A).
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Figure 3.24: Exosomal proteins are not presented via MHCII. Recombinant extracel-
lular myelin oligodendrocyte glycoprotein (MOG aa1-125), MOG peptide aa35-55, oval-
bumin, ovalbumin peptide aa323-339 and purified exosomes in low (from 1.5x10° cells)
or high (from 3x10° cells) concentration were added to primary microglia prepared from
newborn mice (5x10* cells/well) or splenocytes (2x10° cells/well) together with purified
MOG-specific 2D2 CD4* T cells (1x10° cells/ well) and incubated for 72 h. Microglia
were either prestimulated with IFN~ overnight or not. A MOG-specific T cell response
was determined by IL-2 secretion in the culture supernatants using enzyme-linked im-
munosorbent assay system. Data are displayed as the mean of duplicates showing one
representative out of three independent experiments.
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To analyze the antigen transfer ability of exosomes, we purified exosomes from
Oli-neu cells overexpressing full length MOG, and added them to IFN+v stimulated
microglia. We did not detect IL-2 release, therefore we concluded that MOG-positive
exosome were not capable to induce a MOG-specific T cell activation (see Fig-
ure 3.24, A). These findings could be just due to low antigen levels transfered by
exosomes. However, one alternative explanation for the lack of T cell activation was
found in continuative experiments examining the exosome internalization of IFN~y

-stimulated microglia (see below).

3.5 Inflammatory stimuli downregulate macropinocyto-

sis of exosomes in microglia

Since microglia use macropinocytosis for the internalization of exosomes, we tested
whether IFN+v stimulation prior to exosome internalization experiments alters the
macropinocytic activity of the cell. In fact, low cytometric analysis revealed a de-
crease in exosome uptake, which could also be shown for the endocytosis of fluid
phase marker, dextran, after IFN~ treatment (see Figure 3.25, A). Similar results
were found after stimulation with LPS (see Figure 3.25, B). We concluded, that the
macropinocytotic activity of microglia is down-regulated by inflammatory signals
such as [FN~ and LPS.
In the preceding experiments (see Figure 3.23), we observed that only a sub-population
of microglia shows an increase of MHCII surface expression, while another fraction
remains MHCII negative. Likewise, cultures stimulated with IFNvy show differen-
tial expression of costimulatory molecules B7-1 and B7-2 (see Figure 3.27). Finally,
internalization experiments with IFN~ stimulated microglia revealed that exosomes
are preferentially internalized by microglia with low levels of MHC II expression (see
Figure 3.26).

To summarize, our results demonstrate that oligodendroglial exosomes are mainly
internalized by microglia with high macropinocytoptic capacities. This internaliza-

tion process can be altered by inflammatory signals, shifting exosome clearance
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Figure 3.25: Inflammatory stimuli downregulate macropinocytosis of exosomes in
microglia. (A) Primary microglia were treated for 24 h with IFN~ or left untreated. Pu-
rified exosomes labeled with the dye PKH67 (green) or 40 kD FITC-conjugated Dextran
were incubated for 2 h with primary microglia (exosomes from 1x107 Oli-neu cells/ well)
and internalization was determined by flow cytometry. (B) Primary microglia were treated
for 24 h with different concentration of LPS and uptake of purified exosomes was deter-
mined by microscopy and image analysis. Values represent means */_ SEM of three
independent experiments.

activity to a subpopulation of microglia and raising the possibility of identifying

heterogeneity in the microglia population of the CNS.
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Figure 3.26: Microglia expressing MHCIl show decreased exosome internalization.
Microglia were treated for 8 to 12 h with IFN~ before adding purified labeled exosomes
to the cells for 2 h. Microglia were fixed, permeabilized and stained for MHCII. Average
fluorescence intensities were determined for exosomes (green) and MHCII (red) by mi-
croscopy and images were analyzed from two independent experiments, as depicted in

the graph.
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Figure 3.27: IFN~ stimulated microglia show differential expression of B7-1 and
B7-2. Primary cultures of microglia were stimulated with 100 ng/mL IFN~ for 24 h and
stained for (A) CD80 (B7-1) and (B) CD86 (B7-2) and Iba-1. An upregulation of B7-1 and
B7-2 was observed in a subpopulation of microglia. Scale bar, 20 um .
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3.6 Functional heterogeneity in microglial population of
the CNS?

Lawson and colleagues observed already in 1990 that the regional density and shape
of microglia varies depending on the brain region [100]. However, recent findings
demonstrated that differences in apparent microglial phenotype extend beyond sim-
ple locational divisions [101, 233-235]. In our study, putative subpopulations of
microglia are defined by their capacity to clear exosomes while lacking MHCII ex-
pression and vice versa.

To study microglial heterogeneity, we started to quantify the abundance of both
microglial subtypes present after IFN~ stimulation. For this, primary microglial
cultures were stimulated with IFN~v for 48 h and processed for flow cytometric
analysis. Quantification of microglial subtypes revealed that 30 to 45% of microglia
become MHC II positive upon IFN~ stimulation, while the remaining cells stay
MHCII negative (see Figure 3.28). The MHC II expression reached a peak after
48 h of stimulation (data not shown). Besides these in vitro findings, we wanted
to confirm that microglia can express MHCII in vivo. After injection of IFN~ into
the hippocampus of anathesized adult mice, we were indeed able to detect MHCII

expression in microglial cells (see Figure 3.29).
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Figure 3.28: Quantification of IFN~ inducible MHCII expression of microglia in vitro.
Primary glial cultures were prepared of PO mice and incubated for two weeks, before they
were shaken from the astrocytic cell layer and further kept for two days prior to stimulation
with 100 ng/mL IFN~ . After 48 h, cells were prepared for flow cytometric analysis, using
antibodies directed against microglial marker CD11b and MHCII. (A) Gating procedure
for the flow cytometric analysis of microglia cells. After exclusion of cell debris and apop-
totic cells, CD11b positive microglial cells (red) were analyzed for expression of MHCII
(orange). Quantitative data is shown on the right. (B) Scatter plots of flow cytometric data
showing cell populations stimulated with IFN~ or not. Cells positive for CD11b are shown
in pink, while MHCII positive microglial cells are shown in orange. Data are displayed as
one representative out of 15 independent experiments.



3.6 Functional heterogeneity in microglial population of the CNS? 86

Iba1 MHCII merge

Figure 3.29: Stimulation of MHCII expression in vivo by injection of IFN~ . After
injection of IFN~ into the hippocampus, adult NMRI mice were kept for 24 h to allow
diffusion of IFN~ . Mice were sacrificed and brain sections were stained for microglial
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marker Ibal and MHC II, respectively. Microscopic analysis of the hippocampal region
showed partial upregulation of MHCII expression in microglia. However, also other cell
types showed weak expression of MHCII. Scale bar, 10 um .



Chapter 4

Discussion

The aim of this work was to follow the fate of exosomes secreted by oligodendro-
cytes. We found that microglia selectively and efficiently internalize exosomes by
a macropinocytotic mechanism. Uptake of exosomes occurs without inducing a
concomitant pro-inflammatory response and without microglia supporting a MOG-
specific CD4% T cell response. Stimulation of microglia by IFN~ leads to an up-
regulation of MHCII in a subpopulation of microglia. However, internalization of
exosomes occurs predominantly in a subpopulation of MHCII-negative cells. Re-
moval of exosomes from the extracellular space may occur in microglia that are
mainly engaged in the clearance of material. Moreover, the activation of microglia

by IFN~v or LPS results in a decrease of the macropinocytotic activity.

4.1 Exosomes are selectively internalized by microglia

- in vitro and in vivo

Our studies showed that exosomes are preferentially internalized by microglial cells
in vitro. Astrocytes, oligodendrocytes and neurons did not show exosome binding
or internalization of oligodendroglial exosomes. After internalization exosomes are
found in the late endosomal compartment of the microglial cell and exosomal pro-
teins are degraded over time. Similarly, DC-derived exosomes are found after 2 h in
the late endosomal compartment of DCs [201]. When we injected oligodendroglia-

derived exosomes into the spinal cord of adult mice, exosomes were internalized by

87
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microglia in vivo. Furthermore, we detected vesicular transport of exosomes towards
the microglial cell body. Colocalization studies revealed that exosomes localize to
the microglial late endosomal/ lysosomal compartment, as shown in vitro. Interest-
ingly, Morelli and colleagues showed that intravenous injected allogenic exosomes
could later on be located in macrophages and DCs of the splenic marginal zone [201].
As efficient phagocytes microglia offer various potential endocytic pathways which
could account for the internalization of exosomes. This includes phagocytosis, a key
pathway to remove pathogens as well as apoptotic cells. Since exosomes contain
endogenous proteins their removal is likely to be mediated by receptors recognizing
apoptotic bodies without engaging members of the Toll-like receptor family [167].
Numerous cell surface receptors, such as the scavenger receptors LRP1/CD91 and
CD36, lectins, integrins, CD14 and Clq, have been shown to engage the apoptotic
cell and promote phagocytosis [236]. Another putative pathway for exosome inter-
nalization is macropinocytosis, which differs from phagocytosis and other endocytic
pathways through its unique susceptibility to changes of the lysosomal pH [218].
Furthermore, macropinocytosis can also be induced by growth factors, eminent in
non-phagocytosing cells. In immature DCs, the constitutive macropinocytosis of
immature dendritic cells has emerged as one prominent uptake pathway for antigen

capture [237].

4.1.1 Which key players of endocytic mechanisms are involved in
exosome internalization?

Exosomal internalization studies in presence of various pharmacological inhibitors
revealed the role of multiple cellular proteins in the endocytic pathways of microglia.
Our data showed that microglial exosome uptake was dependent on the activity of
Racl-GTPase. Rho-family GTPase Racl is one of the major regulators of the actin
cytoskeleton, which undergoes dramatic rearrangements during endocytic events.
In fibroblasts and dendritic cells, Racl activation is necessary to induce membrane
ruffling during pinocytosis [238] or to maintain constitutive macropinocytosis, re-
spectively [239]. Likewise, the compound cytochalasinD, which prevents actin poly-

merization by stabilizing its monomeric form [217], lead to a strong decrease in
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exosome internalization by microglia (see Figure 3.12).

Membrane ruffling in response to actin polymerization near the plasma mem-
brane is not only due to activation of Racl, but also to activation of other RhoGT-
Pases Rho and Cdc42. Downstream mediators of these small family Rho GTPases
are the EWASp/Scar proteins and the Arp2/3 complex. As the newly formed actin
branch grows, the plasma membrane is forced out and extends into a membrane
ruffle [240]. Our live-cell-imaging data revealed that similar membrane protrusions
were observed during exosome internalization. Ultimately, exosomes were internal-
ized accompanied by fusion of these membrane protrusions with the plasma mem-
brane. Apart from large membrane protrusions, macropinocytic mechanisms based
on membrane blebbing were described previously [221]. However, no blebbing of the
plasma membrane was observed during exosome internalization by microglia (see
Figure 3.12), which was consistent with the unaffected exosome internalization by
myosinlI-inhibitor blebbistatin (see Figure 3.12) [241].

Additionally, our data showed that the GTPase dynamin had a strong influence
on exosome internalization. Dynamin is shown to form rings and decorates endo-
cytic vesicles [242]. Tt is proposed that dynamin is directly responsible for pinch-
ing of vesicles of the membrane [215]. Dynamin could be involved in the scission
of exosome-containing vesicles/macropinosomes from the plasma membrane. This
hypothesis is strengthened by recent findings, showing dynamin2 activity during in-
ternalization of tumor-derived exosomes into macrophages, which was additionally

dependent on actin [243].

Further experiments with a different set of inhibitors revealed, that drugs alka-
lizing the lysosomal compartment decreased the uptake of exosomes, which strongly
supports a macropinocytotic mechanism of exosomal uptake (see Figure 3.12). One
example is bafilomycin, a potent inhibitor of vacuolar-type, proton-translocating
ATPases (v-ATPases) [219]. The v-ATPases pump protons into the lumen of endo-
somal membranes, resulting in the acidification of endosomes and lysosomes [219].

One possible explanation for the decrease of exosome internalization is a feedback
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mechansims preventing macropinocytosis, while lysosomal acidification and degrada-
tion is impaired. Moreover, recent studies revealed that ATPases are also necessary
to sustain a certain submembranous H™ concentration during actin polymerization.
Thus, the presence of alkalizing drugs prevent the actin remodeling necessary to pro-
mote macropinocytosis [218] and ultimately the internalization of exosomes. Also,
amiloride and chloroquine are shown to increase intralysosomal pH [220] and had a

strong negative effect on exosome internalization by microglia.

4.1.2 Is oligodendroglial exosome internalization a receptor medi-
ated process?

Since exosomes are specifically internalized by microglia, the mechanism of exosome
uptake is likely to be mediated by specific receptors. These receptors and the re-
spective ligands must be present both on exosomal and on microglial side. Like on
all membrane vesicles, exosomes possess cellular adhesion molecules on the surface,
which could facilitate their capture by recipient cells. For DCs, it was shown that
incubation of exosomes with blocking antibodies specific for various integrins, adhe-
sion molecules and tetraspanins, reduced exosome uptake by 5 to 30 % [201].

The most prominent group of microglial receptors are those involved in phagocy-
tosis. Our studies with antagonists of phagocytosis receptors revealed that neither
scavenger receptors A nor B are involved in exosome internalization. In addition, the
aminosugars glucosamine and mannoseamine were tested, which exert an inhibitory
effect on phagocytosis via blocking lectin mediated phagocytosis [223]. However,
both molecules did not influence the microglial clearance of exosomes. Similarily,
antagonization of the low-density lipoprotein receptor had no effect on exosome in-
ternalization.

In contrast to our findings, studies on exosome capture of immature dendritic cell de-
rived exosomes revealed a specific ligand-receptor interaction. The exosomal I[CAM1
binds to the lymphocyte function associated antigen 1 (LFA1) on the surface of
CD8" dendritic cells and activated T cells [244, 245]. Additionally, integrin o1 and
52 on exosomes are captured by extracellular matrix protein fibronectin or ICAM1

expressing cells [246, 247].
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Phosphatidylserine - a link to specific microglial receptors for exosome

internalization?

Beside protein receptors, exosomal membranous lipids could also serve as ligands for
cellular receptors. As described by other groups earlier [248], our results confirmed
that exosomes contain phophatidylserine in their outer membrane, which could be
a putative ligand for the microglial receptors. In live cells, almost all the phos-
phatidylserine (PS) is confined to the inner leaflet of the plasma membrane, while
apoptotic cells expose PS at the outer leaflet [249]. Blocking surface PS from recog-
nition by its receptors results in a tremendous decrease in apoptotic cell engulfment
by macrophages in vitro [172]. Interestingly, also viruses with the size of exosomes
display phosphatidylserine on their viral membrane. In a process called apoptotic
mimicry, vaccinia virus employs a PS-dependent macropinocytic mechanism to en-
ter its target cell [221]. In our studies the presence of liposomes containing phos-
phatidylserine and phosphatidylcholine significantly decreased the internalization of
exosomes in comparison to liposomes containing only phophatidylcholine. Similarly,
Witting and colleagues showed that lipid vesicles enriched in phophatidylserine and
O-phospho-L-serine interfered with the uptake of apoptotic neurons by microglia
[250]. These findings indicate that PS is likely to be one of the key exosomal ligands
involved in exosome clearance.

Phosphatidylserine can be bound by soluble bridging molecules, which in turn are
recognized by phagocytic receptors. One of the bridging molecules described in PS
related engulfment is milk fat globule epidermal growth factor 8 (MFGES). MFGES
binds to phosphatidylserine through its carboxy-terminal factor V/VIII like domain,
while its aminoterminal domain is capable of binding to av3 and avB5 integrins
[227, 251]. Thereby, MFGES can promote exosome internalization by integrin recep-
tor expressing macrophages. In our studies preincubation with recombinant MFGES
indeed led to an increase of exosome internalization by microglia in wvitro. Never-
theless, our experiments with integrin antagonizing peptide (RGD) clearly demon-
strated, that av3 and av(5 integrins were not involved in exosome clearance. This
finding is consistent with studies on MFGES deficient exosomes captured by DCs.
Since DCs hardly express the integrin receptor in vitro [47, 251], it is likely that also
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alternative mechanisms account for vesicle capture.

However, the recognition of PS is not restricted to bridging molecules like MFGES.
Among the identified receptors of PS are brain angiogenesis inhibitor 1 (BAII)
[252], calreticulin [253] as well as T cell immunoglobulin domain and mucin do-
main 4 (TIM4) [226]. It would be interesting to test whether the direct interac-
tion of phosphatidylserine with PS-receptors is involved in exosome clearance by
microglia. Especially, since TIM-4 was recently identified as receptor for internal-

ization of tumor-derived exosomes by macrophages [203].

4.1.3 Oligodendroglial exosomes are cleared by macropinocytosis

Although exosomes and myelin debris are consistent of similar lipids and proteins,
the internalization mechanisms seem to be different. Myelin debris phagocytosis is
particle-driven and depends on the tight interaction of different ligands with vari-
ous receptors [228]. On the contrary, exosome internalization does not necessarily
depend on a tight receptor interaction, as supported by our findings that oligo-
dendroglial exosome do not tether onto microglia at low temperature. This could
be explained by either low surface expression of the PS-receptor on the phagocyte
or low affinity between PS and the respective PS-receptor. Nevertheless, the ac-
tive role of phosphatidylserine in exosome and target cell interactions is vital and
is further strengthened by recent findings, implicating PS in the internalization of
T cell-derived exosomes in human monocytes [254]. Hoffmann and colleagues demon-
strated that phosphatidylserine induced macropinocytosis in macrophages promoted
clearance of apoptotic cells [180]. In their experiments, engulfment of apoptotic cells
is a two step event: an initial tethering event mediated by phagocytic receptors, fol-
lowed by PS-stimulated macropinocytosis. Similarly to our findings, the exposure
of PS alone resulted in a limited adhesion to the phagocyte surface. Furthermore, it
was shown that even the presence of PS alone or antibodies against the PS-receptor
stimulated macropinocytosis in macrophages [180]. However, in our studies exosome

internalization with PS-containing liposomes did not further stimulate macropinocy-
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tosis, but decreased the amount of exosome internalization by microglia.

4.2 Exosome internalization by microglia: an immuno-
logically silent process?

4.2.1 Cytokine release by microglia after exosome internalization

Phagoctoysis of myelin components by activated microglia/ macrophages is well doc-
umented in MS and EAE, however the effect of myelin phagocytosis on microglia is
controversial. Several in vitro studies showed that myelin phagocytosis by microglia
and macrophages triggers release of pro-inflammatory cytokines and nitric oxide,
suggesting that phagocytosis of myelin could enhance neuroinflammation [255-257].
In a striking contrast, anti-inflammatory effect of myelin phagocytosis was reported
later [258, 259]. However, phagocytosis of myelin by microglia is usually associated
with a highly ordered profile of cytokines and chemokines secretion that may call
macrophages, neutrophils and Th2 cells into place. In vitro studies on macrophages
described the release of 11.-10, IL-6, CCL22 and CXCL1, which were immediately
but transiently induced, while CCL2, CCL11 and TGFS showed more persistent
levels [207].

As the internalization of myelin by microglia induces the release of immunemodu-
latory molecules, we were interested in investigating, whether similar components
packed in another ”shuttle” would influence the ”surveying status” of the unchal-
lenged microglial cell. Our studies revealed that exosomes induce a slight release of
MIP1la/CCL3 and RANTES/CCL5 by microglia in vitro. The chemokines MIP1a/
CCL3 and RANTES/CCL5 are known to activate and induce chemotaxis of T cells
and monocytes, which are recruited to the site of chemokine release [260]. However,
the data showed that in comparison with the release induced by LPS, the impact of
exosomes on the microglial cytokine release profile is rather small.

Chemokines are also involved in other functions besides chemoattraction, namely
neuronal development, modulation of cell adhesion, phagocytosis or T cell activation

[138, 261]. Among the transiently expressed chemokines in the human embryonic
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brain are IL-8/CXCL8, MCP-1/CCL2, MIP1a/CCL3 and RANTES/CCL5. In the
developing cortex, a correlation between microglial cell colonization and the tem-
poral and spatial pattern of expression of MCP-1/CCL2 and RANTES/CCL5 has
been described, suggesting that these chemokines may take part in the migration of
microglial precursors [262].

Furthermore, we observed that the internalization of oligodendroglial exosomes did
not induce the release of potent pro-inflammatory inflammatory cytokine TNFa nor
[L12p40. The microglial release of TNFa acts in a autokrine fashion by inducing its
own expression in addition to other pro-inflammatory cytokines such as IL-15 [263].
TNFa exhibits a direct cytotoxic effect upon oligodendrocytes and myelin in vitro
[139].

In addition, microglia did not release IL-10 after ingestion of exosomes. The IL-
10 is a potent anti-inflammatory cytokine that functions by inhibiting the expres-
sion of pro-inflammatory cytokines such as TNFa and IFN+v and the expression
of MHCII, B7 and CD40 [264]. Taken together, this data suggests that oligoden-
droglial exosomes are internalized without inducing a prominent pro-inflammatory

or anti-inflammatory response.

4.3 Is exosomal antigen presented by microglia?

Exosome internalization by microglia did not dramatically change the cytokine re-
lease profile of microglia. However, as antigen presenting cells, microglia have the
potential to present putative exosome-derived antigen to effector cells of the adap-
tive immune system. Our experiments revealed that internalization of exosomes
alone did not upregulate MHCII expression, while IFN~ stimulation resulted in a

robust increase of MHCII molecules at the cell surface of microglia.

Cellular responses to IFN~

Our experiments confirmed the IFN~y mediated stimulation of MHCII expression by
microglia both in vitro and in vivo [265, 266]. We could also reproduce findings
showing that IFN~ upregulates both T cell co-stimulatory ligands B7-1 and B7-2
[267, 268]. Interestingly, the stimulation of T cells through the two B7 isoforms may
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have differential effects, with B7-1 favoring T helper cell 1 (Thl) and B7-2 favoring
T helper cell 2 (Th2) responses of T cells [269, 270].

The main cellular producers of IFN~ are activated natural killer (NK) cells [271],
activated Thl cells [272] and activated CD8" cytotoxic T cells [273]. The re-
lease of IFN~ shifts the microglial cytokine release from anti-inflammatory to pro-
inflammatory cytokine profiles [274]. Moreover, IFN~ can convert the cytokine
release profile of LPS challenged microglia from chemoattraction for neutrophils to
a preferential attraction of monocytes and T lymphocytes [88].

In EAE, IFN~ is thought to play an important role in engaging the innate immune
system into an inflammatory cascade induced by autoreactive T cells. During the
priming phase of EAE autoreactive T cells, which recognize specific myelin autoanti-
gens, are generated by peripheral immunization with myelin proteins or peptides
[139]. In witro studies revealed that microglia stimulated with IFN~ were capable of
presenting myelin basic protein (MBP) to MBP-specific T cell lines [275]. In EAE,
the autoreactive Thl cells encounter endogenous myelin antigen presented on DCs
or perivascular/ meningeal macrophages, leading to an activation of both T cells and
APCs. In response to this interaction, T cells secrete IFN~ which in turn acts on
microglia by upregulation of MHCII, B7 and CD40 molecules and thereby enabling
efficient antigen presentation. This results in a positive feedback loop [139].
Despite the extraordinary complexity of the IFN~ response, its role can be limited to
the regulation of the immune system and the control of infectious diseases. The phe-
notype of mutant mice lacking genes encoding IFN~ itself, the a-chain of the IFN~
receptor or for the main transcription factor STAT1, revealed only alterations in
the lymphoid system and increase in susceptibility to multiple infectious pathogens
[276-279).

4.3.1 Macropinocytosis and antigen presentation by microglia

Previous studies on DCs revealed that dendritic cell derived-exosomes were effi-
ciently internalized by DC, first sorted into recycling endosomes and finally to the
late endosomes/lysosomes, where exosomal proteins were processed and loaded onto

MHCII molecules. By this mechanism, DCs were capable to present peptides derived
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from the internalized exosomes to T cells [201]. To study the capacity of microglia
to present exosome-derived antigen, we took advantage of a T cell line recognizing
MOG peptides loaded onto MHCII molecules on APCs. However, our experiments
show that MOG provided via MOG-positive exosomes was not presented on MHCII,

while recombinant MOG was efficiently inducing a T cell activation.

Processing of exosomal antigens for presentation on MHC molecules?

In many APCs, MHCII molecules are clustered in MCHII enriched compartments,
which contain lysosomal marker molecules such as Lamp-1 and CD63 [280, 281].
In this late endosomal compartments, in which also oligodendroglial exosomes are
found after internalization by microglia (see Figure 3.5), MHCII molecules are loaded
with antigenic peptides [120]. In DCs, antigens internalized by macropinocytosis are
also observed in endocytic compartments enriched for MHCII [186]. After loading
onto MHCII complexes, antigens are transported to the cell surface for presen-
tation to CD4" T cells. One explanation for the lack of exosome-derived MOG
presentation via MHCII could be the insufficient concentration of antigenic MOG.
Alternatively, exosomal antigens could also be (cross)presented via MHCI, since re-
stricted loading of extracellular antigens is localized to the same compartment [120].
Interestingly, the route of antigen-presentation might be dependent on the way of
cargo internalization. Experiments on macrophages revealed that antigen uptake by
macropinocytosis produced presentation of exogenous antigen via MHCI whereas
receptor-mediated endocytosis led to exclusive presentation via MHCII molecules
[282].

The antigen presenting pathway by which exogenous antigen is loaded onto MHCI
molecules is called ”cross-presentation”. Recent studies revealed that microglia can
cross-present exogenous antigens to CD8" T cells. This capacity is dependent on
proteasome activity and the transfer of peptides to the ER by specialized pep-
tide transporters (TAP) [121]. After intracerebral injection of antigen, microglia
internalized and processed exogenous antigen onto MHCI in wvivo and efficiently
stimulated CD8" T cells in vitro [283]. Further studies have demonstrated that ac-
tive alkalization of the phagosome is required for cross-presentation [120]. While the

macropinosome must acquire proteolytic function to process antigens, peptides must
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be spared from complete proteolytic destruction for presentation by MHC molecules,
and this is achieved by regulating the level of proteolysis and phagosomal acidifica-

tion in different APCs at different stages of APC activation or maturation [284, 285].

Exosomal lipids as putative antigens for presentation by microglia?

In addition to the classical concept of self/non-self peptide recognition by the im-
mune system another pathway of antigen presentation might be applied after ex-
osome internalization by microglia. In this pathway, CD1 molecules present lipids
and glycolipids to the mammalian immune system. All members of the CD1 fam-
ily share sequence homology and overall domain structure with MHCI molecules
[286, 287] and are expressed by human antigen presenting cells, whereas murine
cells just express CD1d [287].

Similarly to MHCII molecules, CD1 molecules survey the endocytic pathway for in-
coming exogenous antigens. The presentation of lipids requires uptake and delivery
to an intracellular compartment in antigen-presenting cells [288] and is inhibited
by compounds preventing the endosomal acidification [288, 289]. The acidic pH
might promote lipid loading onto CD11d due to a more open structure of the bind-
ing groove [290]. Both exogenous and endogenous lipid antigens can enter the CD1
antigen processing route and be presented to CD-1 restricted T cells. A possible role
of CD1-lipd presentation during inflammatory diseases affecting lipid rich tissues is
highly attractive [291]. It would be interesting to determine, whether exosomal
lipids could be presented via CD1 molecules.

Antigenic self-lipids stimulating group 1 CD-1 restricted T cells are phosphoglyc-
erollipids and glycoshingolipids, such as sulfatide and sphingomyelin. Sulphatide, a
major component of myelin, is presented by CDla, CD1b and Cdlc and activates
clonally restricted human T cells [292, 293]. Further, GM1 and related gangliosides
were also found to be presented by CD1b, suggesting that self-lipid antigens may be
important targets for autoimmune T cells in multiple sclerosis [294, 295]. Interest-
ingly, exosomes derived from DCs contain CD1 molecules that are capable of lipid

antigen presentation [67].
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4.3.2 Regulation of macropinocytosis and antigen presentation by
microglia

Permanent constitutive macropinocytosis is typically restricted to phagocytic cells
such as immature dendritic cells and activated macrophages [237], while macopinocy-
tosis in cell types that do not normally phagocytose is mostly a transient response to
growth factors [296-298]. We found that the macropinocytotic activity of microglia
can be modified by inflammatory signals. Our experiments showed that [FN~ stim-
ulation of microglia results in an overall decrease in exosomes internalization, which
could be also observed after stimulation of microglia with LPS. In studies accessing
the macropinocytotic capacity of dendritic cells, stimulation with TNFa or LPS lead
similarly to a downregulation of macropinocytosis [186].

Immature dendritic cells (DCs) use high levels of fluid phase uptake via macropinocy-
tosis for antigen capture. However, they are poor APCs, because they retain most
of their MHC molecules intracellularly and are unable to form peptide-MHC class
IT complexes [122, 299]. Upon engaging pathogen-derived products, DCs undergo
maturation, which includes downregulation of macropinocytosis [186]. Inflammatory
stimuli, such as LPS and TNFq, trigger DC maturation resulting in the upregula-
tion of surface MHCI, MHCII, CD40 and CD86. Maturation converts immature
DCs adapted for antigen accumulation to cells specialized for the processing and
presentation of previously encountered antigens to T cells [299, 300].

This mechanism of conversion might be also applied to microglia after the encounter
of inflammatory stimuli. However, after IFN~ stimulus we observed that only a sub-
population of microglia showed an increase of MHCII molecules, while another sub-
type remained MHCII negative. Our internalization experiments with IFN~ stimu-
lated microglia unveiled that exosomes were preferentially internalized by microglia
with low levels of MHCII expression and wvice versa. Internalization of putative ex-
osomal antigen is therefore restricted to cells with less antigen presenting capacity
compared to the other microglial cell pool. This subpopulation could efficiently ac-
count for antigen presentation, since recent studies have suggested that activation
of macrophages with IFN~ or LPS leads to reduced vacuolar protease activity that

may avoid complete proteolitic destruction of peptides and favor generation of pep-
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tides for antigen presentation [301, 302]. Also, a full T cell activation seems to be
possible since T cell co-stimulatory molecules B7-1 and B7-2 are abundant, at least
in the MHCII positive microglia subpopulation (see Figure 3.27).

In summary, we concluded that the microglial population might consist of distinct
subtypes with varied functions. While exosome clearance is preferentially executed
by microglia with lower T cell stimulation capacity, putative antigen processing and

presentation could assigned to other microglial subtypes.

4.4 Functional heterogeneity of microglia

In our study we found that microglial subpopulations might be assigned to different
tasks. While one subtype was engaged in clearance, the other subpopulation showed
expression of molecules necessary for peptide antigen presentation. Parenchymal
microglia are described as a single homogeneous population. Microglia occur in all
brain regions in an almost uniform distribution with some prevalence in hippocam-
pus, olfactory telencephalon, basal ganglia and substantia nigra [100]. Microglia
morphology, however, can vary depending on their location in brain parenchyma
[100]. Further differences are found in the abundance of receptors, response to cy-
tokines and constitutive or inducible MHC expression [303-305]. Anderson and
colleagues found that Thl-regulating immune receptor TIM1 is constitutively ex-
pressed by microglia in the white matter, but absent from the grey matter [306].
Also the expression of nerve growth factor family in wvivo is regionally restricted.
Even more striking is that within those regions only subpopulations are actively
elaborating trophins [307]. These signs of microglial heterogeneity strongly support
the notion of microglial subpopulations, whereas it is not clear whether microglia
are solely conditioned by their microenvironment or are additionally intrinsically

programed for distinct tasks.

4.4.1 Microglia vs. macrophages

One major approach to define characteristics of the microglial population is the

analysis of microglial gene expression [101, 233-235]. Microarray studies on non-
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activated rat microglia revealed that 326 molecules are constitutively expressed in
microglia [308]. Upon IFN~ stimulation, 34 transcripts and 7 ESTs were newly
detected in the microglial transcriptome. Furthermore, IFN~ increased the expres-
sion of 60 of 182 known molecules, while 29 of 183 genes were downregulated [308].
The upregulated genes could be primarily linked to antigen presentation, protein
degradation, actin binding, cell adhesion, apoptosis and cell signaling. In contrast,
molecules repressed by IFN~ stimulation were primarily associated with growth
regulation, remodeling of the extracellular matrix, lipid metabolism and lysosomal
processing [308].

Using gene expression profiles microglia can be functionally and molecularly distin-
guished from other macrophage populations. Analysis of IFN~y activated microglia
vs. peritoneal macrophages, however, confirmed that CNS-resident microglia are
heterogeneous [309]. Thus, a universal microglia-specific marker may not exist to
differentiate them from infiltrating macrophages. Of the candidate genes found,
ClqgA is nearly expressed by all microglia throughout the microglial population,
while triggering receptor expressed on myeloid cells-2 (TREM-2) and CXCL14 were
only expressed in microglia subsets [309]. Microglia in regions predisposed to develop
Alzheimer’s disease were TREM-2 positive, microglia adjacent to the leaky blood
brain barrier were TREM-2 negative. TREM-2 has been shown to induce phagocy-
tosis in microglia and to inhibit TLR-induced cytokine production [310, 311]. Inter-
estingly, loss-of-function mutations of TREM-2 result in the inflammatory neurode-
generation and the loss of myelin in humans [312]. Furthermore, it was described to
mediate the differentiation of human monocyte-derived DCs into antigen-presenting
cells [313]. Thus, microglia expressing TREM-2 may have a higher potential to differ-
entiate into effective antigen-presenting cells and also might have a higher potential
to stimulate T cell activation [233, 313]. Thereby, it not only becomes clear that the
microglial RNA population is as complex, as the one of peritoneal macrophages, but
also that microglia display a gene expression profile distinguishable from them [233].
These findings raise the question how clearing and antigen-presenting microglia can
be further characterized. One possible, but technically challenging approach would

be the gene expression analysis of both subtypes. For this it would be interesting to



4.4 Functional heterogeneity of microglia 101

compare the gene expression profiles MHCII-positive and MHCII-negative microglia

after stimulation with IFN~ .

4.4.2 Microglial heterogeneity - cellular microenvironment or intrin-
sic cues?

The microglial phenotype is highly plastic and continually determined by the sum
of external cues in their local microenvironment. A recent study on IFN+y stimu-
lated cells revealed that the neonatal microglia gene expression profile was closer to
that of infiltrating peripheral macrophages then to microglia isolated from the CNS
[309]. This finding demonstrates the intricate complexity of the microglial response
to stimulation, which is in turn affected by surrounding influences from the CNS.
The influence of a single cell type suppressing microglial activation has been shown
in CD200 deficient mice. CD200 is a cell surface molecule which is expressed by
neurons, while the receptor of CD200 is exclusively expressed by microglia in the
CNS [314]. Mice which were lacking the expression of CD200 showed spontaneous
activation of microglia in the CNS, accelerated microglial responses to injury, and
clinically more severe EAE [315]. Moreover, it was shown that neuronal activity
can inhibit the expression of molecules implicated in antigen-presentation, while it
is induced if neuronal activity is suppressed [316]. Neuronal production of neu-
rotrophins similarly inhibits IFNv induced microglial MHCII upregulation [317].
Likewise, TGFS produced by astrocytes decreases the ability of macrophages and
microglia to induce MHC IT and costimulatory molecules in response to LPS or IFN~y
[318-320).

In chronic inflammatory diseases multiple ”activation states” of microglia are found
simultaneously [230]. Among those are the classical activation state of microglia,
which is stimulated by IFN~ and is associated with the release of pro-inflammatory
cytokines [321-323] and the "alternatively activated” macrophages, mediated by
IL-4 and IL-13, which induce microglial gene expression and proteins associated
with the resolution of inflammation [323-325]. However, it is not yet clear whether
different activation states are found on separate populations of immune-activated

microglia that express only alternative or only classical activation gene profiles. It
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would be interesting to reveal if different activation states are found on regionally

restricted microglia, for example in proximity to the blood vessels [230].

4.5 Function of oligodendroglial exosomes

We conducted this study to reveal the fate of exosomes released by oligodendro-
cytes. We found that exosomes are internalized by microglia, where their contents
are degraded in an immunological silent manner. Putative peptide antigens were
not presented via MHCII, while cross-presentation via MHCI and exposure of lipid
antigens to reactive T cells remain to be elucidated.

Our results show that oligodendroglial exosomes can be employed as alternative
pathway for degradation of material released by oligodendrocytes, as it was de-
scribed for the elimination of tranferrin receptor by red blood cells [326]. In oligo-
dendrocytes, the turn-over of myelin components could be mediated partially by
the release of components to the extracellular space via exosomes or related vesicles.
Apart from the endosomal origin, exosome-like vesicles can also arise by immediate
budding from discrete domains of the plasma membrane that are enriched for exo-
somal and endosomal proteins [327].

Besides the turn-over of myelin proteins, also lipids are particularly enriched in
oligodendrocytes and could be removed via the exosomal route. It was shown re-
cently that the exosomal release of cholesterol may constitute a cellular mechanism,
which bypasses the toxic lysosomal cholesterol accumulation in Niemann-Pick type
C1 disease. This mechanism might be also beneficial in other lysosomal lipid storage
disorders like metachromatic leukodystrophy, which is characterized by a deficiency
in glycosphingolipid turn-over resulting into severe neurological disorders [328].

In comparison to the proteasomal or lysosomal degradation of proteins, the amount
of cargo released via the exosomal pathway seems to be rather small. Oligodendro-
cytes constitutively release exosomes on a basal level. However, oligodendrocytes
respond to Ca?t levels with increased levels of exosome release in vitro [4]. The
oligodendroglial Ca?* signaling is mediated by neurotransmitters such as gluta-
mate and ATP that act upon ligand-gated and voltage gated Ca?" channels [329].

Hence, cytoplasmic Ca?* levels in oligodendrocytes and exosome release could be
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coupled to neuronal activity. In addition, a recent study observed that the secretion
of exosomes was dramatically reduced when cells were incubated with conditioned
neuronal medium [330]. This data implies, that the release of exosomes by oligoden-
drocytes might underly a neuronal regulation. Interestingly, also neuronal exosome
release can be stimulated. In this case the exosome secretion is regulated by potas-
sium mediated depolarisation [31].

In addition to their implication in the cellular disposal of obsolete proteins and
lipids, oligodendroglial exosomes might be part of the intercellular signaling system
in the CNS. Strikingly, it was recently shown that oligodendroglial exosomes exhibit
an autocrine inhibitory effect on morphological differentiation of oligodendrocytes
and inhibited myelin formation in in vitro co-culture systems [330]. Importantly,
exosomes are not only released by oligodendrocytes but also by neurons, astrocytes
and microglial cells in vitro [31, 32, 331]. As a result of their distinct composition,
each kind of central nervous system-derived exosomes may represent an attractive
cellular communication system in an environment where cell motility is restricted.
As part of the signaling mechanism, the immunemodulatory potential of exosomes
is of high relevance. Various studies revealed that antigen-presenting cells secrete
exosomes bearing antigen-presenting molecules which can function in an immun-
modulatory fashion or in turn shuttle antigen to neighboring cells. Although oligo-
dendroglial exosomes do not contain molecules implicated in the presentation of
peptide antigens, they might as well have a immune-relevant function due to their
protein and lipid composition. Both myelin proteins and lipid shuttled via exo-
somes to microglia could represent a putative pathway of antigen delivery to APCs

implicated in the course of multiple sclerosis.

4.5.1 Exosomes and autoimmunity?

Multiple sclerosis is characterized by white matter lesions evolving into plaques
that contain perivascular infiltrates of mononuclear cells including lymphocytes and
macrophages [332]. It is associated with disseminated demyelination, axonal loss
or damage accompanied with microglial and astrocytic changes [146, 332]. Many

studies suggest that the failure to properly clear apoptotic material could ultimately
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lead to immunogenic responses and to autoimmunity. These findings are supported
by the development of autoimmunity in MFGES8-deficient mice, which show im-
paired phagocytic capacity of macrophages [333]. However, studies on transgenic
mice lacking prominent phagocytic receptors such as CD14, CD36, 33 integrin and
[5 integrin revealed that the accumulation of apoptotic bodies does not necessarily
result in autoimmunity [334, 335].

Multiple sclerosis has long been associated with viral infections. Having the abil-
ity to process antigen, microglia have the potential to participate in the course of
multiple sclerosis [102]. After the initial immune response against viral antigens,
macrophages and microglia phagocytosing myelin debris could participate in the
presentation of the myelin protein derived epitopes, thus shifting the immune re-
sponse from a viral-specific response to a myelin-specific response. Both, molecular
mimicry and bystander activation are the mechanisms that initiate immunoreac-
tivity and can lead to autoimmunity. Molecular mimicry describes the infection of
viruses that share epitopes with self-determinants of myelin proteins [336] that can
be presented by MHCII molecules on microglia to autoreactive CD4™* T cells [332].
In bystander activation, infection of viruses elicit strong cytokine responses that lo-
cally lead to proliferation and activation of pre-existing autoreactive T cells. Those
T cells migrate to the CNS and induce CNS damage that leads finally to disease
[337].

Exosomes - shuttle of infectious agents and autoantigens?

The cellular process of multi vesicular body formation and fusion with the plasma
membrane provides a beneficial escape mechanism for various pathogens to avoid
the host immune response. Exosomes are found to contain mycobacterial compo-
nents [338] and CMV [339]. Studies have shown, that the exosome pathway is
also exploited by retroviruses as a cell-encoded intercellular transport mechanism
for infection [340]. HIV utilizes MVBs as the major site for accumulation in hu-
man macrophages [341] and hijacks this pathway for its budding at the cell surface
[327, 342]. Thereby, exosomes represent an endogenous pathway that supports viral
infection of oligodendrocytes and microglia respectively.

Our study confirmed that oligodendroglial exosomes act as a putative shuttle for
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autoantigens from oligodendrocytes to microglia, which could be - under not yet
defined circumstances - be presented to autoreactive T cells. In multiple sclerosis,
a broad spectrum of myelin proteins can be considered possible targets of autoreac-
tive T cells. Besides MBP, also PLP and MOG have been identified [208, 343]. In
addition, also myelin lipids represent potential autoantigens [295].

In summary, it is possible that exosomes containing viral or bacterial proteins are
directed to microglia and exert pro-inflammatory properties that could result in the
activation of the antigen-presenting cell. In this respect, self-antigens might trigger
an autoimmune response. To what extend viral components are incorporated into
oligodendroglial exosomes and how microliga respond to particles containing both

pathogen molecules and putative autoantigens needs to be elucidated in the future.



Chapter 5

Summary and conclusions

The transfer of antigens from oligodendrocytes to immune cells has been implicated
in the pathogenesis of autoimmune diseases. How encephalitogenic antigens are
transported to an immunogenic environment remains unanswered, but one attractive
possibility is that membrane vesicles play a role in the transfer. Oligodendrocytes
produce vast amounts of membrane during myelination. In addition, membrane is
released into the extracellular space as small vesicles. Among them are exosomes
of endosomal origin with a size of 50 to 100 nm, which are shown to contain major
myelin proteins and lipids, both putative autoantigens in multiple sclerosis.

In this study, we analyzed the extracellular fate of oligodendroglial-derived exosomes
and addressed the question of how exosomes are transferred from the donor to the
target cell. We used exosomes purified from both mouse oligodendroglial cell line
and primary oligodendrocyte cultures and studied their fate employing mixed pri-
mary glial and neuronal cultures as well as in situ analysis in transgenic mice.

Our studies revealed that exosomes are specifically internalized by microglia, both
in vitro and in vivo. Using pharmacological inhibitors of cellular proteins, we char-
acterized the internalization of oligodendroglial exosomes as macropincytosis, which
was independent of phagocytic receptors. The uptake of exosomes was influenced by
phosphatidylserine, a lipid exposed at the outer leaflet of the exosomal membrane.
Interestingly, no inflammatory or anti-inflammatory microglial response was initi-
ated after they encounter exosomes. Only a slight release of chemokines MIP1a and
RANTES was detected. After challenging microglia with IFN~ ;| recombinant MOG

was readily presented by microglia and induced a robust 1L-2 release, however, we
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were not able to detect a T cell response to microglia that ingested myelin oligo-
dendrocyte glycoprotein (MOG)- positive exosomes. Interestingly, we observed that
not all [IFN~ stimulated microglia necessarily become antigen-presenting cells. Both
MHCII-positive and MHCII-negative populations were observed. Further data in-
dicated that exosomes were predominantly ingested by MHCII-negative microglia,
while microglia expressing MHCII did not internalize exosomes.

Taken together, this study demonstrates that the macropinocytotic clearance of
exosomes is an important mechanism through which microglia participate in the
degradation of oligodendroglial membrane, without calling the adaptive immune
system into place. However, exosome clearance is restricted to functional microglial
subtypes. We propose that the constitutive macropinocytotic clearance of exosomes
by a subset of microglia represents an important mechanism through which microglia
participate in the degradation of oligodendroglial membrane in an immunologically
"silent” manner. By designating the capacity for macropinocytosis and antigen
presentation to distinct cells, degradation and immune function might be assigned
to different subtypes of microglia. Future studies will have to clarify whether this
mechanism prevents the presentation of autoantigens by microglia and whether this

mechanism is due to the microglial local environment or to intrinsic cues.
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